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Superparamagnetic iron oxide nanoparticles (SPIONs) are of great interest in nanomedicine due to their capabil-
ity to act simultaneously as a contrast agent and as a targeted drug delivery system. At present, one of the biggest
concerns about the use of SPIONs remains around its toxicity and, for this reason, it is important to establish the
safe upper limit for each use. In the present study, SPION coatedwith cross-linked aminated dextran (CLIO-NH2)
were synthesized and their toxicity to zebrafish brain was investigated.We have evaluated the effect of different
CLIO-NH2 doses (20, 50, 100, 140 and 200 mg/kg) as a function of time after exposure (one, 16, 24 and 48 h) on
AChE activity and ache expression in zebrafish brain. The animals exposed to 200 mg/kg and tested 24 h after ad-
ministration of the nanoparticles have showndecreasedAChE activity, reduction in the exploratory performance,
significantly higher level of ferric iron in the brains and induction of casp8, casp 9 and jun genes. Taken together,
these findings suggest acute brain toxicity by the inhibition of acetylcholinesterase and induction of apoptosis.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic nanoparticles (MNPs) have attracted great interest in re-
cent years due to their unique physical and chemical properties and
their potential applications in various biomedical fields (Lu et al.,
2007). They consist of small domains (usually smaller than 100 nm),
containingmagnetic atoms such as iron, cobalt or nickel that can be eas-
ily manipulated using an external magnetic field (Wang et al., 2001).
Among magnetic nanoparticles, the superparamagnetic iron oxide
nanoparticles (SPIONs) are of particular interest on account of the
strongmagnetic responsewhen the particles are exposed to an external
magnetic field and, the lack of residual magnetization when the field is
removed. In addition, these particles present biocompatibility,
injectability, and may have a high rate of accumulation in the target
ntifíciaUniversidadeCatólica do
, 90619-900, Porto Alegre, RS,
tissue if adequate ligands are attached to their surfaces (Ito et al.,
2005). SPIONs have found a great number of biomedical applications;
for instance, as contrast agents in magnetic resonance imaging, in mag-
netic separation of cells and proteins, in drug and gene delivery, in anti-
cancer treatments by hyperthermia and tissue engineering (Singh et al.,
2010).

Surface characteristics such as size and shape affect the toxicological
profile of the nanoparticles (NPs) and their overall in vivo behavior
(Chouly et al., 1996). For this reason, it is important to establish the
safe upper limit for each use. Diverse aspects of the in vitro toxicity in-
cluding, cytotoxicity, genotoxicity and oxidative stress generation and
some general aspects of the in vivo toxicity of SPIONs, were investigated
(for review, seeMahmoudi et al., 2012). For instance, rats that had been
intravenously injectedwithγ-Fe2O3 NPs (0.8 mg/kg) presented toxicity
in liver, kidneys and lungs (Hanini et al., 2011). Acute oral exposure to
Fe2O3-30 NPs caused more than 50% inhibition of total Na(+)–K(+),
Mg(2+), and Ca(2+)-ATPase activities in brains of female rats and activa-
tion of the hepatotoxicity marker enzymes, aspartate aminotransferase
and alanine aminotransferase in serum and liver (Kumari et al., 2013).
In accordance, due to Fe2O3-30 NPs 28 days repeated oral dose,
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significant inhibition was observed in total Na(+)–K(+), Mg(2+), and
Ca(2+)-ATPase activities in the brain of exposed rats (Kumari et al.,
2012). Developmental toxicity causing mortality, hatching delay, and
malformation were found in zebrafish (Danio rerio) embryos exposed
to higher doses than 10 mg/L of iron oxide nanoparticles (Zhu et al.,
2012).

In cholinergic neurotransmission, acetylcholine (ACh) promotes the
activation of muscarinic and nicotinic cholinergic receptors. Themainte-
nance of levels of ACh in the extracellular space is catalyzed by acetylcho-
linesterase (AChE) and butyrylcholinesterase (BuChE), by the hydrolysis
of ACh into its component parts choline and acetate (Soreq and Seidman,
2001). It has been demonstrated that BuChE is not encoded in the
zebrafish genome, but AChE is encoded by a single gene that has been
functionally detected in zebrafish brain (Bertrand et al., 2001). The inhi-
bition of AChE activity for assessment of the exposure of organisms to or-
ganophosphate and carbamate pesticides is well-known (for review see
VanDyk and Pletschke, 2011). However, other toxic compounds than or-
ganophosphate and carbamate pesticides both promoted AChE inhibi-
tion and AChE activation in fish. For instance, the inhibition of zebrafish
brain AChE activity by neurotoxic compounds such as methanol (Rico
et al., 2006), lithium (Oliveira et al., 2011), the heavy metals mercury
and lead (Richetti et al., 2011), and the organochlorine pesticide Endo-
sulfan (Pereira et al., 2012) has been demonstrated. Notwithstanding,
AChE activation has also been demonstrated as a consequence of expo-
sure to toxic substances such as ethanol (Rico et al., 2007), aluminum
(Senger et al., 2011) and Microcystin-LR (Kist et al., 2012).

Thus, considering that (1) SPIONshave been developed for a number
of applications; (2) it is crucial to establish the safe upper limit for each
SPION's use; (3) the in vivo neurotoxic effects of SPIONs are not
completely understood; (4) AChE activity is successfully used as a bio-
marker of brain injury, the aim of the present study was to evaluate
the effects caused by exposure to dextran-coated SPIONs in the brain
using adult zebrafish as the organism model.

2. Materials and methods

2.1. Animals

Adult wild-type zebrafish (D. rerio, Cyprinidae) of both sexes
(6–9 months-old) were obtained from a specialized supplier (Redfish
Agroloja, RS, Brazil). Animalswere kept at a density of up to five animals
per liter in 50 L housing tanks with tapwater that was previously treat-
ed with Tetra's AquaSafe® (to neutralize chlorine, chloramines, and
heavy metals present in the water that could be harmful to fish) and
continuously aerated (7.20 mg O2/L) at 26 ± 2 °C, under a 14/10 h
light/dark controlled photoperiod. Animals were acclimated for at
least two weeks before the experiments and were fed three times a
day with TetraMin Tropical Flake fish food®. The fish were maintained
healthy and free of any signs of disease and were used according to
the “Guide for the Care and Use of Laboratory Animals” published by
the US National Institutes of Health. All procedures in the present
study were approved by the Animal Ethics Committee of the Pontifical
Catholic University of Rio Grande do Sul (PUCRS), protocol number
12/00288.

2.2. Chemicals

Trizma Base, ethylene-dioxy (EDTA), ethylene glycol bis (beta
amino ethylether)-N,N,N′,N′-tetraacetic acid (EGTA), sodium citrate,
Coomassie Blue G, bovine serum albumin, acetylthiocholine, and 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB) were purchased from Sigma
Aldrich Chemical Co (St. Louis, MO, USA). TRIzol® reagent, ImPROm-II
Reverse Transcriptase® (Promega,Madison,Wisconsin, USA), Platinum®
Taq DNA Polymerase and GelRed® were purchased from Invitrogen
(Carlsbad, CA, USA).
2.3. Dextran coated SPION synthesis and characterization

Iron oxide (Fe3O4) nanoparticles coated with cross linked aminated
dextran (CLIO-NH2) were synthesized by the co-precipitation method
in an alkaline environment, based on the procedure described previous-
ly (Wunderbaldinger et al., 2002). The synthesis was made by dissolu-
tion of dextran (T10, pharmacosmos) in an aqueous medium and
mixed with salts of FeCl3.6H2O and FeCl2.4H2O (Merck) with a molar
ratio of 2:1, in a cold environment and N2 flux. NH4OH (25%, Merck)
was added slowly in the solution and stirred at 75–85 °C for 90 min.
To eliminate the excess dextran, the mixture was centrifuged in
Amicon® filters with a molecular mass cutoff of 50 kDa. Cold 5 M
NaOH (Merck) was added slowly and stirred for 15 min and then epi-
chlorohydrin (Fluka) was added for the crosslinking of the dextran
chains. For amination of the dextran coating, NH4OH (25%, Merck) was
added in the NP solution and stirred for additional 24 h. After that, the
remaining NH4OH was eliminated by dialysis, using cellulose mem-
branes (Spectra/Por®) submerged in distilled water under continuous
magnetic stirring. Water was exchanged several times in this process.
The resulting CLIO-NH2 nanoparticles were dispersed in sodium citrate
buffer (10 mM Na3C6H5O7/150 mMNaCl) at pH 8 and stored at 4 °C.

For characterization, all samples were initially sonicated (40 kHz)
and stirred in a vortex and then the desired aliquots collected. Iron con-
centration was determined by UV–vis spectroscopy (Lambda 35, Perkin
Elmer), using the absorbance at 410 nm. The concentration was obtain-
ed interpolating the absorbance value of the NP solution in a calibration
curvemade fromFe atomic spectroscopy standards. The [Fe] of the stock
solution was approximately 10 mg/mL. The hydrodynamic diameter of
theNPs in the aqueous solutionwasmeasuredwith a Nano-ZS Zetasizer
(Malvern). The elemental composition of the dried NPs on Si substrates
wasmeasured by Rutherford backscattering spectroscopy (RBS), using a
2 MeV He beam and a detection angle of 165° and by RX energy disper-
sion spectroscopy.

The nuclear magnetic relaxation properties of the particles on water
protons were obtained in a 3T clinical magnetic resonance scanner
(SIGNA XDXT, G&E), imaging a phantom containing NP solutions with
eight different concentrations, using spin eco or inversion recovery
sequences.

2.4. Animal procedures

Intraperitoneal (i.p.) injection was adopted as the administration
route for the in vivo protocols to ensure that exposure concentrations
are in line with the target values. Intraperitoneal injections were con-
ducted using a 3/10-mL U-100 BD Ultra-Fine™ Short Insulin Syringe
8 mm (5/16″) × 31G Short Needle (Becton Dickinson and Company, NJ,
USA) according to the protocol established by Phelps et al. (2005). Briefly,
the volume injected into the animal (mean injection volume of 10 μL)
was adjusted to the fish bodyweight (mean mass of the animals was
0.5 ± 0.06 g/mean ± S.E.M.) to achieve 200 mg/kg. The animals of the
control group received the same volume of saline solution and the ani-
mals of the buffer control group received the same volume of sodium cit-
rate buffer. Anesthesia of the animals prior to the injection was obtained
by immersion in a solution of tricaine (0.01%) until the animal showed a
lack of motor coordination and reduced respiratory rate. The anesthe-
tized fish was gently placed in a water-soaked gauze-wrapped hemostat
with the abdomen facing up and the head of the fish positioned at the
hinge of the hemostat (the pectoral fins were used as a landmark on
the abdomen). The needle was inserted parallel to the spine in the mid-
line of the abdomen posterior to the pectoral fins. The injection proce-
dure was conducted in such a way as to guarantee that the animal did
not spendmore than 10 s out of thewater. After the injection, the animals
were placed in a separate tank with highly aerated dechlorinatedtap
water (25 ± 2 °C) to facilitate recovery from the anesthesia. Saline solu-
tion was used as control. All the animals that recovered within 2–3 min
following the injection continued in the experiment, while the animals
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that did not recover during this periodwere discarded. One, 12, 24 and 48
h after the injection, the animals were euthanized by decapitation and
thewhole brains dissected for subsequent determination of AChE activity
and molecular analysis. The concentrations of CLIO-NH2 were chosen
based on previous studies (Kim et al., 2005; Chertok et al., 2008 and
Kumari et al., 2012).

2.5. Protein determination

The protein was determined by the Coomassie blue method accord-
ing to Bradford (1976) using bovine serum albumin as standard.

2.6. Determination of AChE activity (EC 3.1.1.7)

Whole brains were removed by dissection (three whole brains for
each sample) andhomogenized on ice in 60 volumes (v/w) of Tris–citrate
buffer (50 mM Tris, 2 mM EDTA, and 2 mM EGTA, pH 7.4, adjusted with
citric acid), in a glass-Teflon homogenizer. The rate of acetylthiocholine
hydrolysis (ACSCh, 0.88 mM) was assessed in a final volume of 300 μL
with 11mMphosphate buffer, pH 7.5, and 0.22mMDTNB using a meth-
od previously described (Ellman et al., 1961). The samples containing
protein (5 μg) and the reaction medium were pre-incubated for 10 min
at 25 °C before the addition of substrate. The hydrolysis of substrate
was monitored by the formation of thiolate dianion of DTNB at 412 nm
for 2–3 min (intervals of 30 s) in a microplate reader. Controls without
the homogenate preparation were performed in order to determine the
non-enzymatic hydrolysis of the substrate. The linearity of absorbance
against time and protein concentration was previously determined. The
AChE activitywas expressed asmicromoles of thiocholine (SCh) released
per hour per milligram of protein. All enzyme assays were evaluated in
triplicate and at least three independent experiments were performed
(n ≥ 3).

2.7. Molecular analysis by RT-qPCR (quantitative PCR)

Gene expression analysis was carried out only when kinetic alter-
ation occurred. For this reason, immediately after 24 h of intraperitoneal
injection of the SPIONs, the animals were euthanized by decapitation.
For each sample, a pool of at least three zebrafish whole brains was
used. Total RNA was isolated using the TRIzol® reagent (Invitrogen) in
accordance with the manufacturer's instructions. By calculating the
ratio between absorbance values at 260 and 280 nm the purity of the
RNA is asserted. The cDNA species were synthesized using ImPROm-II
Reverse Transcriptase® (Promega, Madison, WI, USA), following the
supplier's instructions. Quantitative PCR was performed using SYBR ®
Green I (Invitrogen) to detect the synthesis of the double strand. The re-
actions had a total volume of 25 μL, using 12.5 μL of diluted cDNA (1:100
for EF1α and Rlp13α, and 1:20 for ache) containing a final concentration
of 0.2× SYBR ® Green I (Invitrogen), 100 mM dNTP, 1× PCR buffer, 3
mMMgCl2, 00:25 U Platinum ® Taq DNA Polymerase (Invitrogen) and
200 nM of each primer (Table 1). PCR reactions had the following con-
ditions: 95 °C during 5 min for initial denaturation and polymerase
Table 1
Primers used in RT-qPCR.

Protein Primer sequence (5′–3′) Accession number

EF1αa F-CTGGAGGCCAGCTCAAACAT NSDART00000023156
R-ATCAAGAAGAGTAGTACCGCTAGCATTAC

Rpl13αa F-TCTGGAGGACTGTAAGAGGTATGC NM_212784
R-AGACGCACAATCTTGAGAGCAG

acheb F-GCTAATGAGCAAAAGCATGTGGGCTTG NP_571921
R-TATCTGTGATGTTAAGCAGACGAGGCAGG

β-actinb F-CGAGCTGTCTTCCCATCCA ENSDART00000055194
R-TCACCAACGTAGCTGTCTTTCTG

a According to Tang et al. (2007).
b According to Pereira et al. (2012).
activation, followed by 40 cycles of denaturation at 95 °C for 15 s,
60 °C to annealing for 35 s and extension for 15 s at 72 °C. At the end
of cycles a melting curve analysis is added and the fluorescence was de-
termined between 60 and 99 °C. The relative expression levels were de-
terminedwith 7500 Fast Real-Time Software v.2.0.5 SequenceDetection
System (Applied Biosystems). The efficiency for each sample was calcu-
lated using the software LinRegPCR 11.0 (Applied Biosystems) and the
stability of EF1α and Rlp13α genes (M value) and the optimal number
of reference genes according to the pairwise variation (V) were ana-
lyzed by geNorm (http://medgen.ugent.be/genorm/). The relative ex-
pression levels were determined using the method 2−ΔΔCT.

2.8. Molecular analysis by RT2 PCR Array

Total RNA from zebrafish whole brains (n ≥ 4) was isolated with
RNeasy® Mini Kit (Qiagen) and the DNase digestion step was made
with the On-column DNase digestion step (Qiagen) in accordance with
the manufacturer's instructions. The yield and quality of RNA samples
were determined spectrophotometrically using 260 nm, 260/280 and
260/230 nm ratios and its integrity was confirmed by electrophoresis
through an agarose gel 1.0%. One microgram of total RNA from the sam-
ple was reverse-transcribed into cDNA by RT2 First Strand (Qiagen) in a
final volume of 20 μL. Custom RT2 Profiler™ PCR (CAPZ 11803A) was
used to analyze the expression profile of genes related to apoptosis, oxi-
dative stress and inflammation, in accordance with the manufacturer's
instructions. EF1α and Rlp13α were used as housekeeping genes and
the total analyzed on a 7500 Fast Real-Time System Sequence Detection
Software v.2.0.5 (Applied Biosystems). All genes represented by the
array showed a single peak on the melting curve characteristic to the
specific products.

2.9. Behavior analysis

The animals were intraperitoneally injected with CLIO-NH2 or saline
solution (control group) and after 24 h the behavior tests were
performed as previously described (Gerlai et al., 2000; Egan et al.,
2009). Zebrafish were placed individually in the experimental tanks
(30 cm L × 15 cm H × 10 cm W). Once the animals were transferred
to the experimental tank, they habituated for 30 s and the locomotor ac-
tivity was recorded on video for 5 min. The tank was divided into equal
sections (four vertical lines and one horizontal line) and during this
time the following parameters were recorded: number of line crossings
(vertical and horizontal lines), distance traveled (m), mean speed
(m/s), absolute turn angle, time in upper zone, number of freezing
(lack ofmovement for the period of 1 s or longer) and freezing duration.
The videos were analyzed using ANYMaze software (Stoelting Co.,
Wood Dale, IL, USA).

2.10. Analysis of temporal absorption of iron by ICP-MS

The levels of iron in zebrafish brain were assessed by inductively-
coupled plasma mass spectrometry (ICP-MS), according to the method
described by Ashoka et al. (2009), with minor modifications. Briefly,
pools of at least three brains were washed with saline solution (0.9%),
and digested with 0.5 mL of 65% HNO3 (Suprapur/Merck) and 0.1 mL
of 37% HCl (ACS/Merck) in a glass tube. After, samples were placed for
2 h in a water bath at 85 °C and diluted to 5 mL with a 1% solution of
HNO3. Subsequently, the sampleswere placed in the automatic sampler
to be analyzed. The iron calibration curve was linear in the range of
10–1000 ppb (μg/L), and the results were expressed in microgram per
sample (n ≥ 3 brains).

2.11. Statistical analysis

Data was expressed as means ± S.E.M. and analyzed by one-way
analysis of variance (ANOVA). Post-hoc comparisons were made using

http://medgen.ugent.be/genorm/


Fig. 2. In vivo effects of different concentrations of CLIO-NH2 nanoparticles on ACh hydroly-
sis in zebrafish brain after 24 h exposure. Bars represent themean± S.E.M. The asterisk (*)
indicates a significant difference compared to the control and buffer control groups. Data
analyzed statically by one-way ANOVA, followed by Tukey's multiple comparison test.
p ≤ 0.05 denotes a significant difference from the control group.
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Tukey's multiple comparison test, considering p ≤ 0.05 as statistical
significance.

3. Results

Typical size distribution of the synthesized CLIO-NH2 nanoparticles
is shown in Fig. 1. Themagnetite core size, estimated from transmission
electron microscopy images was 5.5 ± 1.4 nm (Fig. 1a). The number-
averaged hydrodynamic diameter measured in an aqueous solution
was 23 ± 8 nm (Fig. 1b). Elementary composition analysis of the parti-
cles indicated only the presence of Fe, O and trace elements from the so-
dium citrate buffer, (Na and Cl). The transversal to longitudinal
relaxivity ratio R2/R1 was between 13 and 24 in the various batches
produced.

Initially a dose–response curve was performed using CLIO-NH2 con-
centrations from 20 to 200 mg/kg. Zebrafish brain AChE activity was
evaluated 24 h after i.p. injections (Fig. 2). CLIO-NH2 concentrations
from 20 to 140 mg/kg did not alter AChE activity in zebrafish brains.
However, the enzyme activitywas significantly decreased at the highest
tested concentration (200 mg/kg) when compared to the control
(20.4%) and buffer control (18.2%) groups. Sequentially, a time-related
curve was obtained using CLIO-NH2 at 200 mg/kg. Zebrafish brain
AChE activity was evaluated after one, 16, 24 and 48 h of exposure
(Fig. 3). AChE activitywas not affected at either one, 16 or 48 h after dos-
ing. In contrast, AChE activity was reduced after 24 h after the exposure
(27.47 ± 0.628 μmol Sch. h−1 mg protein−1; p = 0.0032) when com-
pared to the control (34.52 ± 0.952 μmol Sch. h−1 mg protein−1) and
buffer control (31.38 ± 1.39 μmol Sch. h−1 mg protein−1) groups.

The decrease in brain AChE activity after 24 h exposure to 200 mg/kg
of CLIO-NH2 could be a consequence of transcriptional control and/or
post-transcriptional modifications. In order to determine if ache tran-
scriptional regulation had occurred, RT-qPCR analysis was performed.
The results demonstrated that AChE transcript levels were not altered
when compared to the control group (Fig. 4). This result indicates that
the reduction of the AChE activity was not directly related to the inhibi-
tion of the gene ache expression.

AsACh is known to play an important role in the regulation of locomo-
tor control, we further evaluated parameters of zebrafish swimming ac-
tivity in the 5-min tank diving behavioral test. Exposure to 200 mg/kg
of CLIO-NH2 during 24 h decreased traveled distance (17.9 ± 2.36 m,
p = 0.0018 compared to the control group 35.2±3.96mand to the buff-
er control group 22.4 ± 3.37 m), number of line crossings (240 ± 25.4,
p = 0.0141 compared to the control group 418 ± 58.3 and to the buffer
control group 242 ± 40.9) and mean speed (0.028 ± 0.00403 m/s, p =
0.0041 compared to the control group 0.0554 ± 0.00697 m/s and to the
buffer control group 0.0356 ± 0.00560 m/s). Exposure to 200 mg/kg
Fig. 1. a—Plan view TEMmicrograph of the dried CLIO-NH2 nanoparticles. b—Particle size distri
room temperature.
of CLIO-NH2 during 24 h also decreased the absolute turn angle
(47,500 ± 7240, p = 0.0092) when compared to the control group
(78,200 ± 7110), whereas it did not differ statistically from the buffer
control group (50,500 ± 7840) (Fig. 5). The time spent in the upper
zone (54.87 ± 26.19 s) was not altered when compared to control
(47.35 ± 10.87 s, p = 0.7739) and buffer control (69.05 ± 23.63 s)
groups (data not shown). In addition, we did not find differences either
in the number of freezing or freezing duration between the groups ana-
lyzed (data not show).

The reduction in brain AChE activity and the impaired swimming per-
formance parameters evaluated after 24 h exposure to 200 mg/kg of
CLIO-NH2 could be explained by iron accumulation in the brains.
Inductively-coupled plasmamass spectrometry (ICP-MS) was employed
to quantify iron levels in the brain tissue. The results indicated a signifi-
cant higher level of ferric iron in zebrafish brains 24 h after treatment
with CLIO-NH2 (1.351 ± 0.1322 μg, p = 0.0123) when compared to
the control (0.904 ± 0.0683 μg) and buffer control (0.761 ± 0.1067 μg)
groups (Fig. 6).

In order to further investigate the mechanism involved in the brain
toxicity caused by 24 h exposure to 200 mg/kg of CLIO-NH2, the expres-
sion profile of a set of genes related to apoptosis, oxidative stress and in-
flammation was determined through RT2 PCR Array analysis. The casp8
(caspase 8), casp9 (caspase 9) and jun (transcriptional factor AP-1)
mRNAs were significantly increased when compared to control and
bution by number obtained by light scattering (Zetasizer) in a diluted aqueous solution at

image of Fig.�2


Fig. 3. In vivo effect of intraperitoneal injection of CLIO-NH2 nanoparticles on zebrafish brain. a AChE activity 1 h after the exposure (36.7 ± 2.77 μmol Sch. h−1 mg protein−1; control
values). b AChE activity 16 h after the exposure (29.8 ± 2.72 μmol Sch. h−1 mg protein−1; control values). c AChE activity 24 h after the exposure (34.52 ± 0.952 μmol Sch. h−1 mg
protein−1; control values). d AChE activity 48 h after the exposure (28.1± 1.26 μmol Sch. h−1mgprotein−1; control values). Bars represent themean± SEM, performed in quadruplicate.
The AChE activity was expressed as micromole of thiocholine released per hour per milligram of protein. Data were analyzed statically by one-way ANOVA, followed by Tukey's multiple
comparison test. p ≤ 0.05 denotes a significant difference from the control group.
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buffer control groups. Of note, in one hand, the buffer exposure
decreased the expression of all genes related to apoptosis analyzed, i.e.
bcl2 (B-cell leukemia/lymphoma 2), casp3a (apoptosis-related cysteine
protease a), casp8, casp9, tp53 (tumor protein p53) and jun when
compared to the control group. One the other hand, 24 h exposure
to 200 mg/kg of CLIO-NH2 significantly increased the expression
of the all genes analyzed when compared to the buffer control group
(Fig. 7a). In addition, the buffer exposure also decreased the expression
Fig. 4. RT-qPCR analysis. Relative ache mRNA expression on zebrafish brains 24 h after
CLIO-NH2 nanoparticle exposure (200 mg/kg). The asterisk (*) indicates a significant dif-
ference compared to the control group (p ≤ 0.05).
of all genes related to oxidative stress, i. e. cat (catalase), gclc (gluta-
mate-cysteine ligase, catalytic subunit), gpx1a (glutathione peroxidase
1a), gstp1 (glutathione S-transferase pi 1) and sod2 (mitochondrial su-
peroxide dismutase 2) when compared to the control group whereas
the 24 h exposure to 200 mg/kg of CLIO-NH2 significantly increased
the expression of gclc and gpx1a when compared to the buffer control
group (Fig. 7b). Finally, we did notfind any differences in the expression
of the genes associated with inflammation between the groups ana-
lyzed (data not shown).

4. Discussion

At present, one of the biggest concerns about the use of SPIONs re-
mains around its toxicity. SPIONs synthetized of magnetite (Fe3O4) or
maghemite (Fe2O3) have been extensively studied once these com-
pounds have lower toxicity when compared to other transition metals
such as cobalt, nickel or manganese (Tartaj et al., 2003). In addition,
the surface coating can have important effects on SPION stability, aggre-
gate size and cellular interaction which affects the SPION uptake in the
intracellular medium (Raynal et al., 2004) resulting in toxic effects.
The dextran-coated SPIONswere used in this study since they are recog-
nized to improve biocompatibility, to enhance blood circulation and to
reduce aggregation (Mahmoudi et al., 2012).

There are different methods of synthesis of NPs that allow greater
control over the most varied characteristics and properties of the final
product. Between them, the chemical routes such as co-precipitation,
are simpler and more efficient to control the size, composition, and
often the shape of the particle, being one of the most secure methods
(Gupta and Wells, 2004; Gupta and Gupta, 2005). In this study, the
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Fig. 5. Swimmingperformance. Effect of 24h exposure to 200 mg/kg of CLIO-NH2 nanoparticles on the distance traveled (a),mean speed (b), number of line crossings (c) and absolute turn
angle (d) determined during 10min of video recording in the tank-diving behavioral test. Bars represent themean± S.E.M. The asterisk (*) indicates a significant difference compared to
the control group (p ≤ 0.05) and (**) indicates a significant difference compared to the control and buffer control groups.
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number-averaged hydrodynamic diameter of CLIO-NH2 nanoparticles
measured in an aqueous solutionwas 23± 8 nmwhich is in agreement
with the size of SPIONs used in other studies (Naqvi et al., 2010; Kumari
et al., 2013). The transversal to longitudinal relaxivity ratio R2/R1 was
between 13 and 24, in the various batches of the dextran-coated SPIONs
produced, which is close, but higher than those found for typical iron
oxide contrast imaging formulations (Laurent et al., 2008; Geraldes
and Laurent, 2009).

Some issues concerning the toxic effects caused by SPIONs exposure
were already addressed using different species of fish as model organ-
isms. For example, oxidative damage was demonstrated in the medaka
(Japanese ricefish;Oryzias latipes) embryos exposed to nano-ironNPs in
a dose-dependent manner (Li et al., 2009), and to nanoscale iron oxide
Fig. 6. Effect of CLIO-NH2 nanoparticle exposure in zebrafish brain. The levels of iron in
zebrafish brain are indicated in microgram. Bars represent the mean ± S.E.M. The double
asterisks (**) indicate a significant difference compared to the control and buffer control
groups. Datawere analyzed statistically by one-way ANOVA, followed by Tukey'smultiple
comparison test. p ≤ 0.05 denotes a significant difference from the control group.
(nFe3O4) at environmentally relevant concentrations (from 0.5 to
5 mg/L) (Chen et al., 2012). Zhu et al. (2012) showed that ≥10 mg/L
of SPIONs exposure instigated developmental toxicity in zebrafish em-
bryos. In the present study, we have evaluated the effect of different
CLIO-NH2 doses (20, 50, 100, 140 and 200 mg/kg) and different times
of exposure (one, 16, 24 and 48 h) on AChE activity and ache expression
in zebrafish brain. In the concentrations tested, only the animals ex-
posed to 200 mg/kg for 24 h have shown decreased AChE activity. The
RT-qPCR results suggested that inhibition of brain AChE is not directly
related with the transcriptional control and it was probably due to a
post-transcriptional or even a post-translational event.

To the best of our knowledge, only two other studies have evaluated
the toxic effects of SPION exposure over brain AChE activity. Repeated
oral dose of Fe2O3-30 nanoparticles during 28 days caused a significant
inhibition of brain AChE activity in a female Wistar rat model (Kumari
et al., 2012). Acute oral exposure to Fe2O3 nanoparticles also resulted
in a significant inhibition of brain AChE activity, as well as in red blood
cells in a female Wistar rat model (Kumari et al., 2013). The results re-
ported herein are in accordance with these two studies and suggest
that synaptic transmission can be affected by exposure to SPIONs.

It is well-documented that inhibition of AChE mostly leads to an
increase in the ACh accumulation in the brain leading to an over-
stimulation of cholinergic receptors. As a result, a decline in neural
and muscular control occurs. There are some reports in the literature
linking inhibition of the zebrafish AChE activity and behavioral changes
with the exposure to pollutants and/or toxic agents. For instance, expo-
sure to 2.4 μg endosulfan/L (organochlorine pesticide) for 96 h, a condi-
tion that resulted in brain AChE inhibition, also impaired exploratory
parameters of adult zebrafish (Pereira et al., 2012). The organophospho-
rus pesticide chlorpyrifos (300 nMdissolved inwater) over the first five
days of embryonic and larval development of zebrafish reduced both
AChE (81%) and locomotor activities (35%) (Yen et al., 2011). In the
present study, exposure to 200 mg/kg of CLIO-NH2 during 24 h, a condi-
tion that inhibited the brain AChE activity, also impaired all the evaluat-
ed parameters of zebrafish swimming activity, i.e. decreased traveled
distance, mean speed, number of line crossings, and turn angle. It is
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Fig. 7. RT2 PCR Array analysis. Relative mRNA levels of apoptosis (a) and oxidative stress (b) related genes on zebrafish brain 24 h after CLIO-NH2 nanoparticle exposure (200 mg/kg).
Results are shown in Log10 2^(−Avg.(Delta(Ct)). The asterisk (*) indicates a significant difference compared to the control group, double asterisk (**) indicates a significant difference
compared to the control and buffer control groups and hashtag (#) indicates a significant difference compared to the buffer control group.
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important to highlight that the exposure to the buffer control group (so-
dium citrate buffer) was also harmful to the fishes suggesting that part
of the toxic effects found in the behavior tests are due to the buffer used
to store the CLIO-NH2 nanoparticles. Sodium citrate on the surface of
gold nanoparticles induced cytotoxicity in alveolar type-II cell lines
(Uboldi et al., 2009) and decreased cell viability and proliferation of
the two human endothelial cells lines (from the vasculature and blood
brain barrier) (Freese et al., 2012). Nevertheless, the nanoparticle expo-
sure decreased traveled distance,mean speed, and number of line cross-
ings in a way that was statistically different from the buffer control
group suggesting combined effects. These findings showed that CLIO-
NH2 exposure impaired zebrafish's exploratory performance and possi-
bly weakened their ecological and interspecific interaction.

Once internalized, the intracellular mechanisms involved in the deg-
radation of SPIONs are lysosome-mediated (Arbab et al., 2005; Lévy et al.,
2010, releasing free Fe (III) into the cellular medium via divalent cationic
transport. The iron is then stored in the body with the help of the iron-
regulating proteins. The transport of iron in the blood is performed by
plasma protein transferrin and can accumulate in the case of iron over-
load (Wahajuddin and Arora, 2012). In order to investigate the hypoth-
esis raised, ICP-MS analysis was carried out. The results showed a
significant higher level of ferric iron in zebrafish brains after 24 h of treat-
ment with CLIO-NH2. This scenario was reversed in the next 24 h (AChE
activity was not down-regulated after 48 h exposure to 200 mg/kg of
CLIO-NH2)where iron accumulated in brainmight bemetabolized or ex-
creted by the body allowing cells to return to homeostasis.

Taking into account that the excessive accumulation of free iron can
causes toxicity via generation of reactive oxygen species (ROS) and in-
duction of the cell death (for review see Dixon and Stockwell, 2014)
we further investigated the mechanism involved in the brain toxicity
caused by 24 h exposure to 200 mg/kg of CLIO-NH2 by evaluating the
expression profile of a set of genes related to apoptosis, oxidative stress
and inflammation. RT2 PCR Array analysis has shown that the casp8,
casp9 and jun transcripts were significantly increased after 24 h expo-
sure to 200 mg/kg of CLIO-NH2 when compared to control and buffer
control groups. Furthermore, the buffer exposure decreased the expres-
sion of all genes related to apoptosis and to oxidative stress analyzed
when compared to the control group. In contrast, 24 h exposure to
200 mg/kg of CLIO-NH2 significantly increased the expression of the
all genes related to apoptosis and gclc and gpx1a genes when compared
to the buffer control group. Here again, it is important to notice that so-
dium citrate buffer induced important effects per se. Nevertheless, these
findings suggest that apoptotic events had occurred following 24 h ex-
posure to 200 mg/kg of CLIO-NH2. Our results are in agreement with
other studies where iron overload induced apoptosis, for example, in
macrophages (Pirdel et al., 2007; Naqvi et al., 2010) and in hepatocyte
cells (Allameh and Amini-harandi, 2008). Moreover, caspase activation
after iron treatment has been previously reported in the cell culture of
endothelial aortic bovine cells (Carlini et al., 2006) and in an in vivo
study usingMongolian gerbil (Meriones unguiculatus) as amodel organ-
ism (Wang et al., 2011).

Studies often classified SPIONs as biocompatible without severe neu-
rotoxic effects (Jain et al., 2008; Chertok et al., 2008; Yu et al., 2008 and
Schlachter et al., 2011). In addition, it has been mostly shown that
toxic effects were associated with acute iron overload (Patruta and
Horl, 1999) caused only by high dose SPION exposure (Kumari et al.,
2012; Kumari et al., 2013). The results present herein reinforce these
findings.

In summary, the results presented in this article provide further ex-
perimental evidence that SPION exposure can be transiently neurotoxic.
Adult zebrafish exposed 24 h to 200 mg/kg showed down-regulation in
brain AChE activity, impaired swimming performance parameters, sig-
nificant higher level of ferric iron in the brains and induction of casp8,
casp 9 and jun genes. Altogether our findings suggest brain toxicity by
the inhibition of acetylcholinesterase and induction of apoptosis and
certainly could help to establish the upper save limits to be used in
nanomedicine.
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