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Developmental toxicity of iron oxide nanoparticles
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Abstract We report on the effect of different coatings
(dextran, chitosan, polyethylene glycol, carboxy-silane,
and silica) in the toxicity elicited by superparamagnetic
iron oxide nanoparticles (SPIONs) in the developing
zebrafish (Danio rerio). Animals were exposed to nano-
particle concentrations ranging from 0.125 to 8.0 mM of
Fe during the first 5 days after fertilization. Embryotoxicity
parameters (survival, hatching rate, and the incidence of
anatomical malformations) and behavioral patterns (loco-
motion during the exploration of a new environment,
thigmotaxis, and the escape response to an aversive stim-
ulus) were evaluated. Exposed embryos hatched between
48 and 72 hpf, as expected for the species, but tendencies
of either acceleration or delay were observed, depending
on the nanoparticle coating.Malformations in exposed and
control groups were similar, independent of the coating.

Mortality rates were also not significantly affected by
exposure tomost of the coated SPIONs, except for animals
treated with chitosan-coated nanoparticles, which induced
100% mortality at concentrations higher than 2 mM. A
similar trend was observed in the behavioral parameters, in
which significant adverse effects were mostly caused by
chitosan-coated nanoparticles even at low concentrations.
The higher toxicity observed for chitosan-coated particles
raises concern and deserves further mechanistic investiga-
tions, considering the ample use of this compound in
pharmaceutical and biomedical applications.
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Introduction

Nanomaterials have been increasingly used in biological
contexts, either when administered systemically for dis-
ease diagnosis and therapy or in implanted devices, cos-
metics, and smart textiles that will be in contact with the
body (Koo et al. 2005; Montet et al. 2006; Cai and Chen
2007; Som et al. 2011; Ramos et al. 2017). Nanoparticles
(NPs) are also extensively used for in vivo monitoring of
biological processes in pre-clinical imaging. Among the
different nanoparticles, superparamagnetic iron oxides
(SPIONs) are one of the most prevalent in biomedical
applications (Laurent et al. 2008; Lee et al. 2015; Xue
et al. 2018; Liu et al. 2019a).
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SPIONs have a structure composed of a small mag-
netite or maghemite core (typically below 20 nm) with
the surface modified by a coating layer. The coating
protects the particles against the surrounding environ-
ment, minimizing aggregation. It may also provide sites
for addition of chemical groups or whole molecules
which will eventually give multiple functionalities to
the system. SPIONs can be dispersed in different sol-
vents, forming homogeneous suspensions (ferrofluids),
which can interact with an external magnetic field and
be localized at specific sites (Laurent S. et al. 2008).
Therefore, SPIONS may serve as a signaling material,
enhancing contrast in magnetic resonance imaging
(MRI), or may act as a coupling medium to an external
eletromagnetic field to induce local hyperthermia for the
treatment of cancer (Josephson et al. 2002; Montet et al.
2006; Mahmoudi et al. 2011; Bañobre-López et al.
2013; Lee et al. 2015; Sharifi et al. 2015; Zhang et al.
2017; Liu et al. 2019b).

In order to evaluate the risks associated with the
exposure of biological systems to nanoparticles, the
effect of their coating layer must also be considered.
This may be as important as other physico-chemical
parameters of the particulate system, such as the parti-
cles size distribution, shape, or elemental composition
(van der Merwe and Pickrell 2007; Kong et al. 2011;
Liskova et al. 2017; van Pomeren et al. 2019). Here, we
address this problem in an intact organism, using the
developing zebrafish larvae as a model system. The
zebrafish (Danio rerio) has emerged as a competitive
model organism for in vivo toxicological and pharma-
cological studies (Hill et al. 2005; Kari et al. 2007;
George et al. 2011; Liu et al. 2012). The great fecundity
and rapid external development of the animal enable
high-throughput analysis while the significant genomic
similarity makes experimental data, in principle, trans-
lational to humans (Lieschke and Currie 2007). In addi-
tion, zebrafish is a suitable organism to investigate the
risks associated to the release and accumulation of
nanomaterials in the aquatic environment (Zhu et al.
2012; Lin et al. 2013; Magro et al. 2018).

In spite of the numerous works already conducted on
the in vitro (Berry et al. 2004; Geiss et al. 2005; Soenen
et al. 2011; Sun et al. 2013; Biyani et al. 2014) and
in vivo toxicity of SPIONs (Zhu et al. 2012; De Oliveira
et al. 2014; Fifi et al. 2016; de Oliveira et al. 2017;
Magro et al. 2018), including in humans (Vu et al.
2004; Reimer et al. 2007; Wang 2015), there are still
insufficient experimental evidence concerning the effect

of different formulations in the toxicity profile of these
nanoparticles. This is also true for other classes of nano-
particles (Powers et al. 2011; Osborne et al. 2013;
Ahmad et al. 2015; Samaee et al. 2015; Karunaratne
et al. 2017; Cambier et al. 2018; Magro et al. 2018; Liu
et al. 2019c). More importantly, even when data for
equivalent nanoparticles are available, there are contro-
versies on the toxic effects found, what derives, in part,
from the distinct experimental approaches and lack of
standardization of the assay conditions among various
laboratories. In the present study, in order to address
the impact of surface coating on the NP toxicity
profile, we compare, in a single set of experiments,
concentration-dependent toxic and behavioral effects
of SPIONs synthesized with five different com-
pounds frequently used in biomedical applications:
dextran, chitosan, polyethylene glycol, carboxy-si-
lane, and silica. While most of the nanoparticle
formulations elicited low levels of toxicity for all
end-points tested, chitosan-coated nanoparticles
showed the most toxic effects, with mortality levels
reaching 100% in the groups treated at concentra-
tions of Fe higher than 2 mM and significant behav-
ioral effects at much lower exposure levels.

Materials and methods

Synthesis of the nanoparticles

Iron oxide nanoparticles were synthesized via the polyol
route according to a protocol adapted from Forge et al.
(2008). Subsequently, the particles were coated, using
different procedures, with one of the following com-
pounds: dextran, chitosan, polyethylene glycol,
carboxy-silane, and silica. Dextran-coated nanoparticles
(SP ION-DX) we re p repa red acco rd ing to
Wunderbaldinger and Oliveira (Wunderbaldinger et al.
2002; Oliveira et al. 2018). Chitosan-coated SPIONs (Mw

90–150 kDa, 75–85% deacetylated) (SPION-CS) were
prepared in acetic acid medium, according to the protocol
adapted from Mohammadi-Samani et al. (2013). The
carboxy-silane coating was performed using
3-(triethoxysilyl) propylsuccinic anhydride (TEPSA) fol-
lowing the procedure of Bridot (Bridot et al. 2013). The
resulting shell of carboxy-silane is very thin (~ 1 nm)
(SPION-T). For the silica coating, the Stöber process
was applied (Stöber 1968), which produced a thicker
shell of silica of ~ 12 nm (SPION@SiO2). Polyethylene
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glycol-coated NPs (SPION-T-PEG) were prepared
adding aminated-PEG (Mw 750 Da) to a batch of
SPION-T, following the protocol developed by Stanicki
et al. (2014). The final solution of each SPION formula-
tion was purified (according to each protocol) and stored
at 4 °C.

Nanoparticle characterization

Fourier transform infrared spectroscopy (FTIR) was
used to evaluate the chemical groups present on the
NPs. Measurements were performed in a Spectrum
One spectrometer (Perkim Elmer) in the spectral
range of 4000–400 cm−1, with samples in the form
of pellets prepared with KBr powder (10% by
weight of NPs). The nanoparticle morphology and
size distribution were analyzed by transmission elec-
tron microscopy (TEM-Tecnai G2 Sphera, from
FEI), dripping a small amount of a diluted aliquot
on a carbon grid. The hydrodynamic diameter and
zeta potential in aqueous solution were measured
with a Zetasizer (ZEN3600, Malvern). The crystal
structure was obtained from X-ray diffraction mea-
surements (XRD-7000, Shimadzu), using Cu Kα

radiation (λ = 1.54 Å) in steps of 0.05°. The total
iron concentration of the NPs was determined either
by measuring the longitudinal relaxation rate R1 of
the dispersions in a relaxometer (Minispect, Bruker)
at a field of 0.47 T and T = 37 °C (Boutry et al.
2009), or by UV-Vis spectroscopy (Wunderbaldinger
et al. 2002).

Fish husbandry and embryo collection

Adult wild-type zebrafish animals (Danio rerio) of wild-
type AB strain were maintained in an automated
recirculating system (Tecniplast, Italy) under standard
conditions for this species (system water at 28 ± 2 °C,
pH = 6.5–8.5, and conductivity between 600 and
700 μS) with a 14/10 light/dark photoperiod. Embryos
were obtained by crossing females and males at a 1:2
ratio and were separated from unfertilized eggs at 1 hpf
(hour post-fertilization) under a stereomicroscope
(Nikon, Melville, USA). All experiments were ap-
proved by the Institutional Animal Care Committee
(CEUA-PUCRS, number 7127) and followed the guide-
lines of the Brazilian Council of Animal Experimenta-
tion for use of fish in research (Concea et al. 2008and
the Brazilian legislation 11.794/08).

Exposure to nanoparticles

Nanoparticles were suspended prior to their use in
reverse osmosis filtered water adjusted with com-
mercial salts (Instant Ocean®) to meet the species
requirements (system water). Animals were ex-
posed to different concentrations (0.125 mM,
0.5 mM, 2.0 mM, and 8.0 mM of SPION-DX,
SPION-CS, SPION-T, SPION-T-PEG, and
SPION@SiO2 for a total period of 120 h, starting
at 1 hpf. An exposure at 0.5 mM corresponds to
an iron concentration of 22.3 mg/L in the system
water. The medium (water with dispersed NPs)
was changed daily until the end of the experiment.
Embryos were kept in 24-well cell culture dishes
(four embryos per well) in an incubator with con-
trolled photoperiod, temperature, and humidity. A
minimum of 32 animals was used per group, in
duplicate.

Survival, hatching rates, and anatomical malformations

Animals were evaluated daily for mortality, hatching,
and anatomical malformations in the body plane, using a
stereomicroscope (Nikon, Melville, USA). The mortal-
ity of embryos and larvae was monitored every morning
and the dead animals were discarded immediately when
detected. The hatching represents the transition point
from a developing embryo to a free-living larva and is
used to estimate the overall developmental process over
time. The hatching rate was accompanied daily until all
animals had successfully undergone eclosion. Animals
were checked for anatomical malformations every
morning until they completed 5 dpf (days post-fertiliza-
tion), when the incidence of morphological abnormali-
ties in the population was determined. Comparison
among groups was based on their dedicated controls.

Exploration of a new environment

The exploratory behavior test was digitally analyzed
at 5 dpf in 24-well plates (1 larva per well) with
3 mL of system water. After 1-min acclimation, the
exploratory behavior was recorded for 5 min using a
HD digital webcam (Quick Cam Pro 9000,
Logitech®) as described in detail elsewhere
(Creton 2012; Nery et al. 2014). The recorded
videos were analyzed using the software EthoVision
XT (Noldus®) and the main parameters examined
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were the total distance traveled, mean velocity, the
time spent in the central and external areas of the
well, the percentage of time in a mobile condition,
and the number of body rotations greater than 90°.
The time spent swimming in the central and external
areas of the well is also a parameter used to measure
anxiety in zebrafish larvae (Schnörr et al. 2012).
These broad exploratory parameters may reflect an-
imals’ general physiology and ability to swim and
respond to new environmental cues.

Escape responses

After the exploratory test, animals’ cognitive capacity
was evaluated by assessing individuals’ escape response
to an aversive stimulus in consecutive trials (n = 32 in
duplicates). The larvae were placed on 6-well plates (5
larvae per well) over a LCD monitor in which a red
bouncing ball traveled from left to right over a straight
2 cm trajectory covering half of well area (stimuli area),
as described in detail by Nery et al. (2014) and adapted
from Colwill and Creton (2011) and Creton (2012). The
stimuli area was alternated in consecutive 20-s trials to
account for spatial and sensory interference. The num-
ber of animals that efficiently avoided the stimulus area
of the well, escaping to the opposite hemisphere, was
counted at the end of each trial.

Statistical analysis

Survival and hatching rates were analyzed throughout
the 5 days of exposure by the long-rank (Mantel-Cox)
test. Morphological malformations were evaluated by
one-way ANOVA followed by post hoc Tukey test,
when significant differences between groups were
found. Experimental groups were designed with at least
16 animals each, in duplicate. The significance level
was considered p < 0.05. Data were analyzed by the
GraphPad Prism software and presented as mean
values/standard error.

Results and discussion

Physicochemical characteristics of the synthesized
nanoparticles

Figure 1 summarizes the physicochemical properties of
the SPIONs prepared with the different coatings. The

TEM images (Fig. 1a–e) revealed NPs with approxi-
mately spherical shape and mean diameters ranging
from 6 to 30 nm (Table 1). In most of the cases, this
roughly corresponds to the size of the iron oxide core, as
the organic coatings are not identifiable in the TEM
images. The exception is the SPION@SiO2 particles,
where the measured diameter reflects the full size, in-
cluding the coating. The average diameter of the iron
oxide core was comparable in all formulations ranging
from 6 to 12 nm. The distribution of hydrodynamic
diameters of the nanoparticles in ultrapure water disper-
sions is shown in Fig. 1f. The mean values, as expected,
are larger than the physical sizes measured by TEM
(Table 1). We also measured the size distribution of the
NPs directly in the zebrafish (system) water. Only minor
changes were seen (typically below 20%), as shown in
Table 1, indicating that the zebrafish culture medium did
not cause further aggregation of the particles. This is
important to note as in many studies with SPIONs, the
system water provoked substantial increase of the parti-
cle’s size (Zhu et al. 2012; Ahmad et al. 2015; de
Oliveira et al. 2017). During the course of each exposure
cycle (24 h), no sign of precipitation was seen on the
bottom of the well-plates, indicating that the suspen-
sions kept their state with no significant agglomeration.
The zeta potential (ζ) of the different NPs dispersed in
ultrapure and systemwater is also given in Table 1.Most
of the nanoparticles showed a reduction in the absolute
value of ζ in zebrafish water as compared to ultrapure
dispersions. Nevertheless, this does not affect nanopar-
ticle aggregation, considering that the size distributions
were similar in both types of dispersions.

XRD diffractograms (Fig. 1g) confirmed the pres-
ence of the crystalline structure of iron oxide in all
SPION, except for the SPION@SiO2 where the signal
from the relatively thick layer of silica dominates and
prevents the detection of the iron oxide core, clearly
seen in TEM images (Fig. 1e). The peaks of the inverse
spinel cubic structure of magnetite extracted from the
reference database (JCPDS-19-629) are also indicated in
Fig. 1g. The size of the crystallites calculated using
Scherer equation (Cornell and Schwertmann 2003) are
displayed in Table 1.

FTIR spectra from the different NPs (Fig. 1h) con-
firm the chemical structure expected for the different
coatings. The absorption band at 587–433 cm−1, attrib-
uted to Fe-O bonds, and the peak around 3400 cm−1,
corresponding to the absorption of the hydroxyl group
(OH), are present in the spectra of all particles. In the
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Fig. 1 Physicochemical
properties of as-prepared SPIONs
with different coatings. TEM im-
ages of a dextran-coated, b chito-
san-coated, c carboxy-silane-
coated, d PEG-coated, and e
silica-coated SPIONs (scale bar:
100 nm). f Size distribution ob-
tained by DLS of the different
NPs dispersed in ultrapure water.
g FTIR spectra of lyophilized
NPs. h XDR diffractograms. The
dotted lines indicate the peak po-
sitions of different planes of the
magnetite crystal structure
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case of SPION@SiO2, the peaks at 953 and 949 cm−1

confirm the termination of the silica layer with Si–OH
bonds. The peaks at 943 and 797 cm−1 are attributed to
Si–OH bonds present in the SPION-T and SPION-T-
PEG, respectively. Absorption bands of Si–O–Si bonds
appear close to 1100 cm−1 in the spectra of
SPION@SiO2, SPION-T-PEG, and SPION-T. The ab-
sorption bands forming two consecutive peaks at around
2919 cm−1 and at 2855 cm−1 are attributed to the meth-
ylene groups (CH2) in the structure of the different
organic coatings. The peaks at around 1720 cm−1 are
attributed to the carbonyl groups (C=O) of in the
polysiloxane structures (SPION-T). The peaks at
1069 cm−1 are ascribed to the deformation mode of the
α-glucopyranose ring of the polysaccharides (dextran
and chitosan). SPION-DX and SPION-CS spectra show
also the presence of amino groups (NH2), around 1640–
1630 cm−1. The absorption bands at 1540–1553 cm−1

are due to amide groups observed in SPION-CS and
SPION-T-PEG.

Toxicological effects

The survival rate of zebrafish embryos and larvae ex-
posed to different concentrations of the NPs was deter-
mined daily and the results of the Kaplan-Meier test are
presented in Fig. 2. Significant changes in mortality
rates in relation to the respective control groups were
observed only for the exposures with SPION-CS at
concentrations of 2.0 and 8.0 mM (p < 0.0001) (Fig.
2b). In these cases, the survival rate was dose-
dependent and decreased continuously after the sec-
ond day of exposure. By the end of the fifth day, all
embryos from these groups have died. We note that
at such concentrations, the SPION-CS precipitated

on the well-plates, differently from the other parti-
cles in which no visible sign of precipitation was
observed. Although the results obtained from colloi-
dal stability of SPION-CS were satisfactory, the
temperature (28 ± 2 °C) and pH (7.0–7.5) of the
water during the treatments were apparently not
favorable to keep the suspension stable.

Anatomical malformations in the larvae from
treated and controls groups were also monitored
during 5 dpf. The malformations observed included
heart edema, reduced swimming bladder, crooked
tail, and changes in the yolk aspect or dimensions,
as shown in Fig. 3. However, the proportion of
animals with malformations in each group (between
3 and 10% at 5 dpf) was at levels naturally expected
for the species and was similar between controls and
exposed groups, even at the highest concentration of
8.0 mM (Table 2). Average body size was also
equivalent among different groups (data not shown).
Mortality prevented teratogenicity to be evaluated in
groups exposed to SPION-CS at the highest
concentrations.

The daily percentage of hatched embryos during
the initial 5 dpf are shown in Fig. 4. All embryos
from exposed groups and controls hatched between
48 and 72 hpf, as expected for the species
(Westerfield 2000), with the exception of animals
exposed to chitosan-coated NPs at 8 mM, that died
before hatching. Furthermore, slight differences
were observed in the hatching dynamics among ex-
posed populations in relation to dedicated control
groups. For example, a much larger fraction of eggs
exposed to SPION-CS and SPION@SiO2 at 2.0 mM
hatched later than in the control group. On the other
hand, a slight acceleration of the process was

Table 1 Average physical (D) and hydrodynamic (Dh) diameters
and zeta potential ζ of the different nanoparticles. TEM data were
obtained from direct counting of individual particles. Sizes derived
from XRD are obtained from the Scherer equation using the (311)

peak. Hydrodynamic diameters and zeta potential were obtained
from DLS measurements of nanoparticle dispersions in ultrapure
and system water

Formulation D (nm) Dh (nm) ζ (mV)

TEM XRD Ultrapure water Zebrafish water Ultrapure water Zebrafish water

SPION-DX 5.9 ± 1.7 5.2 22.0 ± 1.4 17.2 ± 0.7 +11.6 ± 0.3 +4.5 ± 0.30

SPION-CS 11.7 ± 3.1 9.1 23.3 ± 3.6 28.8 ± 3.4 +58.7 ± 0.3 +31.1 ± 0.1

SPION-T 6.7 ± 2.6 6.9 10.2 ± 0.9 11.4 ± 0.2 − 37.0 ± 1.5 − 11.9 ± 2.1

SPION-T-PEG 9.5 ± 2.5 7.4 13.8 ± 0.1 15.6 ± 0.9 − 11.5 ± 0.9 − 7.9 ± 2.4

SPION@SiO2 29.5 ± 4.6 – 35.9 ± 1.7 48.2 ± 4.2 − 19.5 ± 0.1 − 18.9 ± 0.5
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observed in animals treated with SPION-DX, which
was also evident but milder in SPION-T and SPION-
T-PEG groups at all concentrations.

Hatching is finely regulated by many endogenous
and environmental factors, being sensitive to a variety
of chemical agents and medium conditions. Therefore,

Fig. 2 Kaplan–Meier survival curves of zebrafish exposed to 0
(controls) and 0.125, 0.5, 2.0, and 8.0 mM of SPIONs, during
5 days of treatment. a SPION-DX, b SPION-CS, c SPION-T, d
SPION-T-PEG, and e SPION@SiO2. Significant differences from

the controls were observed for SPION-CS at concentrations of 2.0
and 8.0 mM. Data are expressed as mean ± SE and n = 32 animals
per group
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changes in hatching after nanoparticle exposure have
been explored previously to evaluate toxicity in
zebrafish (Powers et al. 2010; Asharani et al. 2011;
Zhu et al. 2012; Chen et al. 2014; Clemente et al.
2014; Ahmad et al. 2015; Wang et al. 2016; Cambier
et al. 2018; Caro et al. 2019). However, the slight
changes in the hatching time as seen here cannot be
taken as a definitive marker of a deleterious effect. The
development process may progress normally, whether
or not an embryo has hatched, and the animals that hatch
earlier are not significantly underdeveloped than the
ones remaining for longer times in their chorions in the
short variation range of 1 or 2 days (Westerfield 2000;
Zhu et al. 2012).

The toxicological data obtained thus indicate that the
differently coated SPIONs were not teratogenic at all
exposure levels tested, except in the case of chitosan-

coated NPs where 100% mortality at high concentra-
tions, prevented teratogenicity from being assessed.
This is in contrast with previous results with uncoated
iron oxide NPs where a significant increase in the fre-
quency of malformations was observed in the popula-
tions exposed to concentrations larger than 10 mg/L
(Zhu et al. 2012). Our results reinforce the general rule
that pristine particles are usually more toxic than coated
ones due to higher reactivity and poor stability. It is
interesting to note that in zebrafish exposed to pure silica
NPs at concentrations of 100 or 350 μg/mL, more than
35% of the population developed malformations (Duan
et al. 2013; Xue et al. 2013). This is somehow in
contradiction with the low levels of teratogenicity of
SPION@SiO2 found here, since in both cases, the ex-
ternal surface is chemically similar and silica is the
dominant compound.

Fig. 3 Representative images of the most frequent morphological
abnormalities observed among individuals from exposed and con-
trol groups at 5 dpf. a Edema in the heart (eh) and in the yolk sac
(ys) in a larva exposed to 0.5 mM SPION-DX. b Partially inflated

swimming bladder (sb) in a larva exposed to 0.125 mMof SPION-
T. c Crooked tail (ct) in a larva exposed to 0.5 mM of SPION-T-
PEG. d Edema in the heart (eh) in a larva exposed to 8.0 mM of
SPION-T-PEG. The scale bar size is 500 μm

Table 2 Incidence of morphological abnormalities (% of affected population) in zebrafish exposed to SPIONs with different coatings

Concentrations (mM) Malformations (%)

SPION-DX SPION-CS SPION-T SPION-T-PEG SPION@SiO2

0a 6.7 3.1 0 6.7 9.4

0.125 6.7 0 3.2 0 0

0.5 9.4 6.9 0 0 0

2.0 3.1 b 0 3.1 0

8.0 3.1 b 0 0 –

a Control groups
b 100% of death
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The increasedmortality observed in animals exposed to
the higher concentrations of SPION-CS can be associated
to poor stability andNP precipitation, as observed in earlier
studies with zebrafish embryos using uncoated SPIONs
(Zhu et al. 2012; de Oliveira et al. 2017). Colloidal insta-
bility and precipitation were also evoked to explain toxic
effects and increased mortality in zebrafish exposed to
other types of uncoated nanoparticles such as ZnO,

CeO2, TiO2, and Ag (Asharani et al. 2011; Kovrižnych
et al. 2013; Chen et al. 2014; Ahmad et al. 2015; Wehmas
et al. 2015; Lacave et al. 2016; Shih et al. 2016; Xu et al.
2017; Cambier et al. 2018). It has been hypothesized that a
large number of NPs adhered on the surface of the chorion
may reduce oxygenation in the embryos, leading to death.

Although chitosan is widely regarded as being a
non-toxic, biologically compatible polymer, several

Fig. 4 Percentage of hatched embryos after exposure to 0
(controls) and 0.125, 0.5, 2.0, and 8.0 mM of SPIONs during
5 days. a SPION-DX (p = 0.1634), b SPION-CS (p = 0.0817), c

SPION-T (p = 0.9470), d SPION-T-PEG (p = 0.8220), and e
SPION@SiO2 (p = 0.6740), n = 32

J Nanopart Res (2020) 22: 87 Page 9 of 16 87



reports challenged this view and raised concerns
about its toxicity (see Bellich et al. 2016 for a

recent review) especially when administered in the
form of nanoparticles. For example, Wang et al.

Fig. 5 Exploratory behavior at 5 dpf after exposure to 0 (controls)
and 0.125, 0.5, 2.0, and 8.0 mM of SPIONs, during 5 days. a
SPION-DX, b SPION-QS, c SPION-T, d SPION-T-PEG, and e
SPION@SiO2. Variables are (D) distance traveled, (MS) mean

speed, (A) absolute angle of rotation, and (MT) mobile time
(n = 32; mean ± SE; ANOVA followed by Turkey post hoc;
**p < 0.01; *p < 0.05). Note that data for SPION-CS do not
include the higher concentrations due to 100% mortality at 5 dpf
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(2016) compared exposure of zebrafish during
5 dpf to free chitosan and 84-nm diameter chitosan
nanoparticles and found hatching delay, increased
mortality, and malformations in populations ex-
posed to both formulations in a concentration-
dependent profile (Wang et al. 2016). Hu et al.
(2011) showed that 200 nm chitosan-NPs at 10–
40 μg/mL also caused malformations and an in-
creased rate of cell death, higher levels of reactive
oxygen species, and overexpression of heat shock
protein 70 (HSP70), indicating that these NPs can
cause physiological stress in zebrafish. Our results
are coherent with such findings and call for addi-
tional mechanistic studies dedicated to chitosan.
Microstructural parameters such as the degree of
deacetylation and polymerization or the distribu-
tion of comonomers along the chains were found
to strongly influence chitosan biological activity
(Bellich et al. 2016). Investigating such aspects
was beyond the scope of the present work, which
focused on a general toxicity screening comparing
a variety of compounds.

Behavioral analysis

Swimming parameters in larvae are manifestations of be-
havioral and physiological integrity. Tracking their alter-
ation can be considered an additional and sensitive ap-
proach for toxicity evaluation, when compared to the
morphological effects or survival. Some of the behavioral
parameters evaluated are intrinsically interconnected. The
distance traveled, for example, is significantly impacted by
the locomotion speed and moving bouts, and this was our
motivation to evaluate them simultaneously.

The values of locomotion parameters (distance trav-
eled, mean velocity, absolute turn angle, and percentage
of mobile time) in the 5 dpf larvae (exposed and control
groups) are shown in Fig. 5. In animals exposed to
SPION-DX, SPION-T, and SPION-T-PEG, no signifi-
cant changes were detected in these parameters in rela-
tion to their controls. For the other two coatings, chito-
san and silica, a few parameters appeared altered in
exposed animals at specific concentrations. Larvae ex-
posed to SPION-CS at 0.125 mM (Fig. 5b) and
SPION@SiO2 at 2.0 mM (Fig. 5e) showed a significant
decrease in the distance traveled when compared to their
dedicated controls (p = 0.0021 and p = 0.004, respec-
tively). Also, larvae exposed to SPION@SiO2 at
2.0 mM showed a small increase in the turn angle (p =

0.0193) (Fig. 5e). These changes are, however, minimal
and probably only detectable due to the low variance of
the data. Hence, we conclude that under the conditions
tested, coated SPIONs did not impact overall locomotor
effectiveness or motor accuracy to a significant extent.
Previous studies, addressing also other types of nano-
particles such as TiO2, Au, ZnO, and SiO2, found
concentration-dependent behavioral changes, including
locomotor disturbances in exposed zebrafish larvae
(Duan et al. 2013; Xue et al. 2013; Chen et al. 2014;
Hu et al. 2017; van Pomeren et al. 2019). Again, in these
cases, pristine-uncoated nanoparticles were used.

The time spent in the periphery zone of the well (a
parameter related to thigmotaxis) collected for 5 dpf
larvae of the different groups is shown in Fig. 6. Again,
no significant effect of the exposure to the different
particles is observed, suggesting the absence of
anxiogenic effects at this developmental stage (Colwill
and Creton 2011; Schnörr et al. 2012).

The effect of SPIONs with different coatings on the
cognitive ability to escape from a visual aversive stimulus
is shown in Fig. 7. Animals exposed to SPION-DX and
SPION-T did not show significant differences in the es-
cape response when compared to their controls (Fig. 7a
and c). Animals treated with SPION-CS, SPION-T-PEG
and SPION@SiO2 showed discrete changes in perfor-
mance at intermediate concentrations. While SPION-CS
at 0.25 and 0.5 mM induced a statistically significant
decrease in the escape performance compared to their
controls (p < 0.0001, Fig. 7b), exposure to SPION-T-
PEG at 0.125 mM (p < 0.0001), 0.5 mM (p < 0.0001),
and 2.0 mM (p < 0.05), as well as to SPION@SiO2 at
0.125 mM (p< 0.05) and 0.5 mM (p< 0.0001) resulted in
a significant increase in the escape response. The differ-
ences observed in the SPION-CS treated groups are more
pronounced andmay reflect the toxicity of this formulation
seen in the previously evaluated parameters. The apparent
improvement of performance elicited by the other coatings
is modest and may be accounted for by intrinsic variations
of behavioral tests combined to effects of group perfor-
mance cohesion.

Responses motivated by fear are extremely evolu-
tionarily conserved. Cognitively healthy animals tend to
escape from the aversive stimulus moving to the oppo-
site area from the one in which the stimulus is presented.
The lack of significant effects of the SPIONs on the
behavioral exploration and thigmotaxis tests (Figs. 5
and 6) supports the specificity of the observed cognitive
effects (Fig. 7), suggesting that they do not arise from
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altered exploration or motivation deficits. Cognition is
complex and multifaceted process that could also be
impacted by other physiological mechanisms that were
not investigated in our screening. Without further anal-
ysis, the underlying cellular and molecular mechanisms
of the changes in cognition cannot be attributed to a
particular biological system.

Conclusion

In this work, we evaluated and compared the effect of
SPIONS functionalized with five different coatings

(dextran, chitosan, polyethylene glycol, carboxy-
silane, and silica) at various exposure levels on the
embryonic development of zebrafish larvae. Our study
addresses classical toxicity parameters in zebrafish, in-
cluding survival, hatching rates, and teratogenicity com-
bined with behavioral and cognitive screenings in a
systematic approach to minimize methodological dis-
crepancies that may appear in isolated studies with each
type of nanoparticle.

Comparing the different particles, chitosan-coated
SPIONs presented the highest toxicity in terms of sur-
vival and behavioral parameters, with mortality levels
reaching 100% in the groups treated at concentrations of

Fig. 6 Percentage of time spent exploring the periphery zone as a
function of NP concentration. The test was acquired after 5-day
exposure to SPIONs dispersions at Fe concentrations of 0.125, 0.5,
2.0, and 8.0 mM. a SPION-DX, b SPION-CS, c SPION-T, d

SPION-T-PEG, and e SPION@SiO2 (n = 32; mean ± SE;
ANOVA). Note that data for SPION-CS do not include the higher
concentrations due to 100% mortality at 5 dpf
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Fe higher than 2 mM and significant behavioral and
cognitive effects at much lower exposure levels. For
he other formulations, toxic effects were in general mild
or undetectable for all end-points tested in the investi-
gated concentration range (up to 8 mM of Fe). The
incidence of anatomical malformation was low (at base-
line levels), contrary to previous observations from ex-
posure to uncoated SPIONS. The exploratory activity
and cognitive responses were also not affected signifi-
cantly, except for some isolated conditions, which de-
serve further investigation. Taken together, our data
show that the coating could affect strongly the toxicity
of the nanoparticles, even when the compound is con-
sidered biocompatible (as seen in the case of SPION-
CS), being a critical parameter in the design of safe
nanomaterials.

Here, we performed a broad screening encompassing
several nanoparticles and exposure doses that are infor-
mative of phenotypic effects and neurobiological and
systems integrity. Future studies are needed dedicated to
a particular formulation (e.g., SPION-CS), and evaluat-
ing other physiological parameters such as hormone
levels, neural activity of specific brain areas as well as
molecular analysis of the expression of genes related to,
e.g., neurotoxicity, inflammation, and apoptosis. We
attributed toxicity of SPION-CS mainly to poor colloi-
dal stability. Nevertheless, the role of specific chemical
effects associated to chitosan molecular structure was
not addressed and deserves further investigation. For
that, using (and comparing) chitosans with well-
characterized formulations is fundamental, since the
large variety of chemical microstructures exhibited by

Fig. 7 Aversive escape behavior responses at 5 dpf after exposure
to 0 (controls) and 0.125, 0.5, 2.0, and 8.0 mM of SPIONs during
5 days (n = 32; mean ± DP; ANOVA followed by Turkey post hoc,
*p < 0.05, **p < 0.01, ***p < 0.001) for a SPION-DX, b SPION-

CS, c SPION-T, d SPION-T-PEG, and e SPION@SiO2. Data for
SPION-CS do not include the higher concentrations due to 100%
mortality at 5 dpf
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chitosans has been associated to the conflicting toxicity
results found so far for this material.
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