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A B S T R A C T

We report on the evaluation of iron content and biodistribution in zebrafish larvae (Danio rerio) exposed to
dextran-coated superparamagnetic iron oxide nanoparticles (SPION-DX) using the micro-PIXE technique. We
compare results of elemental 2D maps and Fe quantification obtained from two different sample preparation
procedures: one using sagittal slices prepared by cryo-sectioning and another using entire dehydrated larvae.
Independently of the preparation method used, the Fe content in the tissues of exposed animals is significantly
higher than in the controls, but the increase is not proportional to the exposure level. In addition, 2D elemental
maps show a somewhat homogeneous Fe distribution in the larvae, with some samples showing a slight en-
hancement in Fe content near the gut. From the PIXE data a curve correlating the exposure (nanoparticle
concentration in the fish water) to the iron content in the body was obtained, which shows a saturation trend
towards high exposure doses.

1. Introduction

Magnetic nanoparticles have been increasingly used in biological
contexts due to their unique physicochemical properties, which allow a
wide range of in vivo therapeutic and diagnostic applications [1,2].
Among the different magnetic nanoparticles, superparamagnetic iron
oxides (SPIONs) are one of the most prevalent in biomedical applica-
tions [3,4]. For example, they are very useful contrast agents for
medical imaging [5,6], and may act as heating centers in magneto
hyperthermia of tumors [7,8]. SPIONs consist of a magnetite or ma-
ghemite core with the surface modified by a stabilizing coating layer
(usually biocompatible polymers), which may be further modified to
add different functionalities to the system [9]. In spite of the biode-
gradability in the body of iron oxide nanoparticles and the relatively
low levels of toxicity usually reported [10,11], there are still concerns
related to their safe use in humans [12,13].

Zebrafish (Danio rerio) has often been used as a model organism for
in vivo toxicological studies of nanomaterials [14–21].There are several
advantages of the model. Zebrafish rapidly incorporate chemical sub-
stances from the aqueous medium into tissues and the central nervous
system. They have a large fecundity and rapid external development,
which enable high throughput analysis. In addition, conserved

developmental mechanisms and the significant genomic similarity
make experimental data, in principle, translational to humans [22,23].
One key element in toxicological studies is the actual accumulation in
the tissues of the active compound, following exposure to a given
amount in water. This is often an unknown parameter, and most in-
vestigations only take into consideration the amount of a given sub-
stance introduced in the water system to parameterize the toxicological
effects.

In this work, we show preliminary results on the application of the
micro-PIXE technique to investigate the effective iron incorporation
into zebrafish larvae after exposure to iron oxide nanoparticles at
concentrations up to 8mM of Fe in water. The elemental distributions
(2D maps) and Fe quantification obtained from different sample pre-
paration procedures is compared and used to derive a curve correlating
the exposure (nanoparticle concentration in the fish water) to the iron
content in the body.

2. Materials and methods

2.1. Nanoparticle synthesis and characterization

Iron oxide nanoparticles were prepared by the coprecipitation
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method in the presence of dextran (T10 - Pharmacosmos) as described
in Ref. [24]. The remaining free dextran was removed from the nano-
particle dispersion by centrifugation at 3600 rpm for 30min in Amicon
tubes (cut off at 50 kDa – Millipore). Next, the dextran coating was

crosslinked using 35mL of 5M sodium hydroxide (Merck) and 14mL of
epichlorohydrin (Sigma-Aldrich), added to the nanoparticles solution
and stirred overnight (approximately 14 h). In the final step, the dex-
tran layer was aminated by reacting the compound with 60mL of 28%
ammonium hydroxide (Merck) under stirring for 24 h. Two additional
purification steps were employed at the end of the synthesis: one to
remove the excess of ammonium hydroxide by dialysis (MWCO
12–14 kDa – Millipore) and a final purification by centrifugation in
Amicon tubes (MWCO 50 kDa – Millipore).

The morphology and size distribution of the nanoparticles were
analyzed by transmission electron microscopy (TEM, JEM-2010 200 kV,
JEOL) and by dynamic light scattering in a Zetasizer (Malverm). Before
collecting the samples for microscopy (or for the exposure assays), the
stock solution was sonicated at 40 kHz for 10min and vortexed.
Samples were then prepared by dripping a diluted solution of the na-
noparticles on a TEM grid.

The resulting nanoparticles are of the CLIO-NH2 family (aminated
crosslinked iron oxide nanoparticles) [25], with an iron oxide core of
about 6 nm (as measured by TEM) and hydrodynamic radius in aqueous
solutions of ∼11 nm (see Fig. 1).

2.2. Zebrafish handling and exposure assay

Adult wild-type zebrafish animals (Danio rerio) of AB strain were
maintained in an automated recirculating system (Tecniplast, Italy)
under standard conditions for this species in the aqueous system
(28 ± 2 °C, conductivity of 500–800 µS, pH=7.5 ± 0.5 equilibrated
with Instant Ocean® salt, and photoperiod of 14:10 light/dark).
Embryos were obtained by crossing females and males at a 1:2 pro-
portion and viable embryos were selected 1-hour post-fertilization
under a stereomicroscope [26].

The animals were exposed for a period of five days in a solution of
SPION-DX, with iron concentrations of 2.0 and 8.0mM, as measured by
UV spectroscopy and ICP-MS. Fig. 2 provides a timeline of the exposure
protocol. Embryos were kept in 24-well cell culture dishes with 4 em-
bryos per well in a BOD incubator with controlled temperature and
humidity. The water in which animals were kept (including the nano-
particles) was changed daily until the end of the experiment. The iron
concentration of the replaced volumes from each exposure day was
quantified by ICP-MS, and no significant variation was observed among
samples. All experiments and handling procedures were approved by
the Institutional Animal Care Committee (CEUA-PUCRS, number 7127),
following the guidelines of the Canadian Council on Animal Care
(CCAC) [27] for use of fish in research, and of the Brazilian legislation
(No. 11.794/08).

2.3. Sample preparation for micro-PIXE analysis

Samples for micro-PIXE analysis were prepared using either sliced
or whole-body larvae. Sliced samples were produced by cryo-sectioning
at a sagittal orientation. Compared to standard histological protocols
such as paraffin-embedding, cryo-sectioning does not require a series of
chemical dehydration and washings with strong solvents that could
introduce contaminants to the sample, and requires the least number of
steps for sample preparation. Following cryo-euthanasia, the larvae
were fixed in NBF 10 for 24 h, at room temperature, which was eval-
uated as the optimal fixation protocol for zebrafish larvae [28]. After
fixation, the larvae were rinsed three times in deionized water and cut
in a cryostat microtome (Leica Biosystems®). 60 µm sections were laid
onto Mylar® substrates and dehydrated in an evacuated desiccator at
room temperature. To prepare whole-body samples, animals were also
sacrificed using cryo-euthanasia, and subsequently the larvae were
dehydrated overnight in ethanol 70% at room temperature. After that,
the whole bodies were laid onto a carbon substrate.

Fig. 1. Physical characteristics of the iron oxide nanoparticles. TEM micro-
graphy of SPION-DX deposited on a formvar-coated Cu grid is shown in (A) and
the corresponding size distribution in (B). The distribution of the nanoparticles
hydrodynamic diameters in aqueous media (pH=8.0) measured by light
scattering is given in (C).
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2.4. micro-PIXE measurements and data analysis

Micro-beam Particle Induced X-ray Emission (micro-PIXE) analysis
was carried out at the 3-MV Tandem accelerator of the Ion Implantation
Laboratory (Federal University of Rio Grande do Sul, Brazil) using a
3MeV proton beam with an average spot size of 6.25 μm2 and mean
current of 70 pA. The charge was collected on the target holder which is
calibrated against a Faraday cup positioned behind the target in the

direction of the incident beam. The target holder is electrically in-
sulated from the rest of the reaction chamber. For thin samples where
the proton beam is transmitted through, the total charge is the sum of
both measurements. Micro-PIXE experiments were performed using the
Oxfod Microbeams® system, operating in the triplet mode. A scan size
of 1000× 1000 μm2 was employed, which fitted the entire larvae’s
body. X-rays were recorded by a Sirius SDD (silicon drift detector) with
a 140.5 eV energy resolution at 5.9 keV. This detector was placed at
135° with respect to the beam direction. Since this detector has a thin
polymer window for the detection of light elements like carbon and
oxygen, the detector was placed relatively far from the sample, which
prevents most backscattered protons from reaching the silicon crystal
due to the small detection solid angle. In this geometry, the number of
backscattered particles reaching the detector is negligible. However,
the count rates are quite low, demanding long data acquisition times.

Measurements of iron content were performed in controls and animals
exposed to 2 and 8mM of SPIONs, keeping the same acquisition time and
scanning area size. In the case of cryo-sectioned samples, 3 different ani-
mals per concentration were analyzed (including the controls). For the
whole-body samples, 2 larvae per concentration were analyzed.

Fig. 2. Timeline of the exposure protocol. Zebrafish
embryos were exposed to nanoparticle dispersions
containing 2.0 and 8.0mM of Fe at 2 h post-fertili-
zation. Each day the medium containing the nano-
particles was changed by a fresh aliquot of nano-
particle solution. The exposure ended 5 days post-
fertilization, when the animals were euthanised and
fixed for micro-PIXE analysis.

Fig. 3. Averaged PIXE spectra of zebrafish larvae exposed to 2.0 and 8.0mM of
SPION-DX for 5 days and prepared as (a) whole-body or (b) 60 μm-thick cryo-
sections. Spectra from control samples were also added in the figure.

Fig. 4. Iron concentration in zebrafish larvae treated with SPION-DX at dif-
ferent exposures. Squares are data obtained from cryo-sectioned and triangles
from whole-body samples. The interrogation depth of the proton beam
(∼100 μm) is larger than the slice thickness (∼60 μm), but smaller than the
thickness of the whole-body sample. The data is shown as the mean ± the
standard error (estimated by GUPIXWIN®).
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X-ray spectra were analyzed by the GUPIXWIN software developed
in the University of Guelph (Canada) [29] in two different approaches.
Spectra from sectioned larvae were processed in an intermediate width
sample approximation, using a beam exit energy of 2.06MeV, and
matrix correction of 0.75 C, 0.15 O and 0.15 N, extracted from a RBS
analysis of canned tuna fish [30]. We note that although the hydrogen
content is not explicitly included in the matrix, H does not contribute
neither to photon self-absorption nor to secondary fluorescence in the
target. Thus, neglecting hydrogen in the matrix corrections has no effect
in the absolute concentrations of iron calculated by GUPIXWIN. The
same matrix correction was performed for whole-body larvae but ap-
plying the thick sample approximation. In this case, 3MeV protons
penetrate about 100 μm in the soft tissue. For 6.4 keV X-rays from Fe, it
is estimated that about 16% of the X-rays emitted from a depth of
100 μm will be absorbed by the tissue. However, it is important to stress
that effects like secondary fluorescence and X-ray absorption in the
target are fully accounted for by the GUPIXWIN software. Finally, the
standardization of the micro-PIXE system was carried out with X-ray
standards from Micromatter® (SiO, Mn, CuSx and GaP).

3. Results and discussion

The main elements present in the untreated zebrafish larvae as seen
by PIXE are C, O, P, S, Ca, and Na. This is presented in Fig. 3 where

averaged micro-PIXE spectra obtained from both control and exposed
animals are shown. Although the spectra obtained from control samples
prepared by cryo-sectioning or by dehydration are similar, slight var-
iations in elemental composition were observed depending on the
sample preparation procedure. For example, whole-body control sam-
ples did not exhibit a chlorine peak (which is very clear on the cryo-
sectioned samples), but the calcium signal, on the other hand, was more
intense than in cryo-sectioned samples. In addition, a few weak peaks
appeared in the spectral region between 1 and 2 keV (associated to
trace amounts of Mg, Al, and Si), which are not seen in cryo-sections.

It is well known that sample preparation is critical for the chemical
integrity of biological samples. For example, formalin fixation of bio-
logical tissues can alter the elemental composition balance, especially
of water-soluble ions such as P, S, Cl, and K [31]. Indeed, changes on
the permeability of cell membrane may facilitate the leaching of ele-
ments [32]. In our case, an overall reduction of such peaks is observed
in cryo-sectioned samples (which involves the use of formalin), con-
sistent with the aforementioned observations. Also, Turnau et al [33]
reported dislocation and major removal of K in chemically fixed my-
corrhiza samples, when compared to freeze-dried specimens. This effect
seems to be present also in the zebrafish larvae as potassium, an im-
portant trace element that actively participates in ionic homeostasis
processes in zebrafish [34], was not observed in any of the controls. A
more detailed investigation on the optimum sample preparation

Fig. 5. Micro-PIXE elemental maps of phosphorus, calcium and iron obtained from dehydrated whole-body larvae: (A-C) control samples; (D-F) larvae exposed to
2.0mM of SPION-DX for 5 days; and (G-I) larvae exposed to 8.0mM of SPION-DX for five days. The color scale used in this figure is the same for all maps. Fig. 2
provides anatomical information for the zebrafish from a sagittal view.
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procedure for zebrafish larvae is currently being evaluated in our la-
boratory and will be reported elsewhere.

The endogenous iron signal of control animals is very weak and
close to the background in the micro-PIXE spectra (Fig. 3). Quantifi-
cation of the absolute iron content in the samples indicates that less
than 10 ppm of iron is present in the untreated larvae for both sample
preparation procedures (Fig. 4). On the other hand, the iron signal is
clearly detectable in the spectra of larvae exposed to the nanoparticles
(Fig. 3). Thus, exposure to both concentrations of SPION-DX causes iron
accumulation in the body and are detectable for both sample prepara-
tion procedures. The iron concentration of treated larvae reaches up to
∼140 ppm in the whole-body samples, and only ∼40 ppm in the slices.
Interestingly, there is no important difference of iron uptake between
larvae exposed to 2.0 and 8.0 mM of Fe, despite the fourfold increase in
the exposure dose between the two cases (Fig. 4). For example, in
whole-body samples, 139 ppm of iron was detected in a larva treated
with 2.0mM of Fe and 135 ppm in the 8.0 mM case exposure. In cryo-
sectioned samples, the iron content of larvae exposed to a dose of
8.0 mM is slightly higher (40 ppm) compared to the ones exposed to
2.0 mM (30 ppm), although the variability lies within the uncertainty of
the measurements. In any of the cases, a higher exposure dose does not
cause an increase in the iron concentration of the larvae in the same
proportion, suggesting a saturation of the physiological mechanisms of
iron uptake at exposure levels beyond 2.0 mM. It is important to note
that the substrates used in both sample preparations do not contribute
significantly to the iron signal.

The differences observed in the total iron content seen in whole-
body versus cryo-sectioned samples seem to arise from the contribution
of the superficial layers, which are absent in the cryo-sectioned samples
(apart from the slice edges). Since the larvae developed in water with
suspended nanoparticles, the absorption of SPION-DX occurs necessa-
rily through the epidermis and the gills. The mouth at such early stages
is still undeveloped, and possibly do not work as a relevant pathway
into the organism. Thus, although the interrogation depth of the proton
beam is close to ∼100 μm, the passive absorption through the surface
of the animal may have a strong contribution to the signal in the case of
the whole-body samples.

In the 2D elemental maps of whole-body samples (Fig. 5), iron is
present in the entire extension of the larvae. However, in the case of
cryo-section maps (Fig. 6), iron is distributed mostly around the gut
region and to a smaller extent at the borders of the slice. This ob-
servation also supports nanoparticle uptake through the epidermis of
the larva as an important pathway of Fe accumulation. Although the
gills could be another mean to internalize nanoparticles, no important
enhancement of the signal in this region was observed in any iron map.
A slight enhancement of Fe accumulation was seen in the gut region of
an animal exposed to 2.0mM of Fe (Fig. 5f). Preferential Fe accumu-
lation in the gut region was also detected in cryo-sections of exposed
larvae (Fig. 6). This region contains structures such as the liver,
swimming bladder and yolk sac. In humans, SPIONs are mainly ab-
sorbed by the reticuloendothelial system and the liver is considered as
the main organ of accumulation [35], which may also be the case for
zebrafish larvae.

Figs. 5 and 6 also show the spatial distribution of endogenous ele-
ments such as P, S, and Ca. Most of the endogenous elements are
homogeneously distributed throughout the larvae, as seen in the P and
S maps. However, calcium maps of whole-body specimens (exposed or
controls) exhibit an enhancement near the head (Figs. 5b, e, and h). The
source of such signal is yet unclear.

4. Conclusion

Micro-PIXE was applied to investigate uptake and biodistribution of
Fe in developing zebrafish exposed to iron oxide nanoparticles dis-
persed in the aqueous system. Although some variations were seen in
the spectra (and thus in the elemental composition) obtained from cryo-
sectioned or whole-body samples, the data from the two methods of
sample preparation were consistent, with an overall reduction in signal
intensity observed in the cryo-sectioned samples. The Fe concentration
in the tissues of exposed animals is higher when compared to those
from control animals, but with an indication of uptake saturation at
exposures close to 2mM of Fe. Elemental maps of whole-body samples
show that Fe is distributed throughout the entire larvae's superficial
layers, demonstrating that the exposures provoke retention of SPION-

Fig. 6. Micro-PIXE elemental maps of phosphorus, sulfur, and iron present in zebrafish sagittal slices of (A-C) control samples and (D-F) samples exposed to 8.0mM of
SPION-DX.

M.R. Caloni, et al. Nuclear Inst. and Methods in Physics Research B 477 (2020) 116–121

120



DX in the epidermal tissue. A slight enhancement in the gut region of a
cryo-sectioned sample may be related to preferential accumulation sites
of SPION-DX in internal structures such as liver and yolk sac.

Here we show preliminary data on elemental maps of zebrafish
larvae exposed to nanoparticles investigated in a yet limited number of
animals by micro-PIXE. The successful use of the technique to obtain
information of accumulation and spatial distribution of elements loca-
lized to specific organs and tissues at exposure conditions typical of
toxicological investigations calls for additional systematic measure-
ments. Work is currently in progress in our laboratory to produce an
expanded set of data, aiming to identify the most suitable and reliable
sample preparation protocol, and to establish a complete curve corre-
lating a broad range of exposure doses with the iron accumulation and
distribution in the larvae.
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