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Abstract
The field of nanotechnology had enormous developments, resulting in new methods for the controlled synthesis of a wide variety
of nanoscale materials with unique properties. Efficient methods such as thermal decomposition for efficient size control have
been developed in recent years for the synthesis of oleic acid (OA)-coated magnetite (Fe3O4) nanoparticles (MNP-OA). These
nanostructures can be a source of pollution when emitted in the aquatic environment and could be accumulated by vulnerable
marine species such as crustaceans. In this work, we synthesized and characterized MNP-OA of three different diameters (5, 8,
and 12 nm) by thermal decomposition. These nanoparticles were remarkably stable after treatment with high affinity iron
chelators (calcein, fluorescent desferrioxamine, and fluorescent apotransferrin); however, they displayed pro-oxidant activity
after being challenged with ascorbate under two physiological buffers. Free or nanoparticle iron displayed low toxicity to four
types of hepatopancreatic cells (E, R, F, and B) of the mangrove crab Ucides cordatus; however, they were promptly bioavailable,
posing the risk of ecosystem disruption due to the release of excess nutrients.
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Introduction
The synthesis of size-controlled magnetic nanoparticles
(MNP) has always been of scientific and technological interest. Several methods have been developed over the past few
years such as co-precipitation (Petcharoen and Sirivat 2012),
sol-gel (Masthoff et al. 2016), hydrolysis (Bruce et al. 2004),
and thermal decomposition. This latter is one of the most
effective for size control, proceeding through the reaction of
Fe(III) with an organic coating, an alcohol, an organic acid,
and an amine in organic solvents at high temperatures (Sun
and Zeng 2002; Barbeta et al. 2010). Appropriate coatings
such as chitosan-sucrose and cysteine render MNP water
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dispersible, which may have applications in medicine. Such
suspensions can interact with an external magnetic field and
act as effective heat sources for the treatment of cancer by
hyperthermia (Bae et al. 2012), as contrast enhancement
agents for images of the lymphatic system (Ahmadi et al.
2011), among other applications (Thurber et al. 2010; Song
et al. 2015). These dispersions have been also widely used as
precursors of different products with industrial applications
(Scherer and Figueiredo Neto 2005). All these medical and
technological applications frequently require careful size control with narrow size distribution so that the nanoparticles will
have uniform physical and chemical properties (Effenberger
et al. 2017). However, when these materials are produced in
either industrial or laboratory scale, magnetite nano-waste
with different organic coatings potentially resistant to degradation will be generated.
Studies have shown that MNP can be stable after changes
in pH and temperature in marine environments, and also can
remain intact until up to 200 °C, and probably up to 450 °C
(Rocchini 1994; Muxworthy et al. 2003; Saville et al. 2012;
Vikesland et al. 2016). There are few works of magnetite
toxicity in the aquatic environment. For example, studies with
Daphnia magna and duckweed Lemna minor showed toxicity
of magnetite (27–144 nm) at concentrations of 100 ppm after
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48 h, affecting newly hatching animals and their long-term
survival and reproductive potential. In zebrafish (Danio rerio)
embryos, exposure to MNP (10 ppm) caused mortality, delayed incubation, and malformation, in animals in initial stage
or newly hatched (Zhu et al. 2012; Blinova et al. 2017).
Biotechnologies have been developed for the control and
quantification of the degree of contamination of water by toxic
metals (Cd, Cr, Cu, Hg, Mn, and Pb (Turdean 2011; Pinheiro
et al. 2012)) or the recent Binvisible^ contaminants such as
microplastics (Watts et al. 2014, 2016). Crustaceans are an
interesting alternative for the quantification and identification
of metals in different aquatic environments (sea and rivers)
and mangroves, due to their significant capacity to accumulate
toxic metals (Zhu et al. 2012; Blinova et al. 2017).
Use of whole animals to assess environmental levels of
pollutants would be the ideal solution to have organismal answers; however, this is hurdled by a number of factors that
include difficulty in handling animals; variability in responses
due to gender, age, and local factors; destruction of (potentially endangered) individuals; and necessity of permits (Murphy
1991; Doke and Dhawale 2015). Hepatopancreatic cells of
Crustaceans such as crabs have recently been shown to be
good bioindicators of toxic metals, responding to the degree
of pollution in marine environments, because of their physiological adaptation to marine environments with different
levels of pollution, mainly due to their hepatopancreas, a
known xenobiotics detoxification organ (Ahearn et al. 2004;
Ortega et al. 2011, 2014a, b, 2016; Obi et al. 2011; Sá and
Zanotto 2013; Vitorino et al. 2017). In general, there are four
hepatopancreatic cell types present in crustaceans, namely E
(embryonic precursor), R (absorptive), F (fibrillary: absorption and sustenance), and B (blister: digestion) cells. Metal
accumulation in these cells can give information both on the
external environment (degree of pollution) and on the biological consequences of pollution (Ortega et al. 2016).
In the present work, we synthesized MNP-OA with three
different sizes by the detergent (Tween-80) solubilization
method and studied the effect of size on the accumulation in
the cells. In vitro studies of the redox activity and the availability of iron to natural (transferrin and desferroxamine) and
xenobiotic (calcein) chelating agents with high affinity for
iron were also performed.

Materials and methods
Magnetite nanoparticle synthesis
and characterization
The synthesis of MNP-OA with different sizes (5, 8, 12 nm)
by means of thermal decomposition was previously described
(Arelaro et al. 2008). For the 5 nm MNP-OA, 1.059 g of
Fe(acac)3 (98+ %; Aldrich) was dissolved in 30 mL of
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diphenylether (98+ %; Aldrich) previously treated with nitrogen (Air Products) in a three-neck distilling flask. Into this
solution, it was added 6.420 g of oleylamine (98+ %;
Aldrich), 4.808 g of oleic acid (99+ %; Aldrich), and
2.190 g of 1,2-octanediol (98%; Aldrich) at room temperature,
under a flux of nitrogen and vigorous magnetic stirring for
15 min by means of a 3-cm magnetic stirrer. The flask was
then placed into a silicon bath and heated at 2 °C min–1 until
200 °C, and at 5 °C min−1 until boiling (260 – 270 °C), and left
for 2 h. After cooling at room temperature, the black-brownish
suspension was transferred to a 50-mL Falcon tube and the
solid was separated with a magnet for 30 min. This solid was
redissolved in 10 mL of CH2Cl2 (98+ %; Sigma) and precipitated with 25 mL of ethanol (Synth, Brazil) and then 10 mL of
methanol (Synth, Brazil). The dark brown solid was separated
again with a magnet. The last steps of redissolution and washing with alcohols were repeated twice, until the supernatant
became colorless. For the obtention of 8 nm and 12 nm MNPOA, the above procedure was repeated changing only the
amounts of oleic acid (8 nm: 4.012 g; 12 nm: 1.202 g) and
oleylamine (8 nm: 3.005 g; 12 nm: 1.605 g).
Powder diffraction X-ray (DRX) measurements were carried out in a Rigaku Miniflex diffractometer under copper Kα
radiation, λ = 1.5418 Å, at 30 kV and 15 mA with a nickel
filter. Scanning was performed from 2θ between 25° and 70°,
at 2° min−1 and step of 0.05°. Elemental analysis (C, H) was
conducted in a Perkin Elmer 2400 CHN analyzer, and Fe
contents were determined by means of flame atomic absorption spectroscopy (FAAS) in a Shimadzu AA-6300 spectrophotometer (λ = 248.3 nm). Transmission electron microscopy (TEM) images were obtained in a JEOL 100CX II device
with tungsten filament and acceleration tension of 200 kV. A
magnification of 120,000× was employed for all the samples.
Suspensions of MNP-OA in physiological buffers were
obtained by dissolving 5 mg of MNP-OA in 0.5 mL of acetone and treating the solution with 1 mg of Tween®-80
(Aldrich). The organic solvent was evaporated under a flux
of nitrogen. The final product was resuspended with vigorous
vortexing in aqueous HBS buffer (Hepes Buffered Saline;
hepes 20 mmol L−1, NaCl 150 mmol L−1, washed with
Chelex®-100 1 g/100 mL, pH 7.4) or SUB buffer (Saline
Ucides Buffer; hepes 3.75 mmol L−1, NaCl 395 mmol L−1,
KCl 10 mmol L −1 , NaHCO 3 2.5 mmol L −1 , NaH 2 PO 4
2.5 mmol L −1 , glucose 1.0 mmol L −1 , washed with
Chelex®-100 1 g/100 mL, pH 7.8). The stability of buffered
suspensions of MNP-OA in Tween®-80 in SUB buffer was
studied by means of zeta potential and hydrodynamic radius
(Rh) at 25 °C in a Malvern Zetasizer Nano SZ90.

Fluorescent iron chelators
Fluorescent transferrin (Fl-Tf) was obtained by a previously
described method (Breuer and Cabantchik 2001). Calcein was
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purchased from Sigma-Aldrich. Fluorescent desferrioxamine
(Fl-DFO) was prepared with modifications from published
methods (Su et al. 2010, 2011). The probe was obtained by
dissolving 0.15 g of DFO mesylate (Cristália, Brazil) in 5 mL
of N,N-dimethylformamide (DMF, 99 +%; Sigma) with
0.027 g of triethylamine (99.5 +%; Sigma). The mixture was
stirred for 1 h under nitrogen in the dark, at room temperature.
Then, 0.13 g of fluorescein-5(6)-isothiocyanate (FITC, 90 +
%; Sigma) dissolved in 5 mL of DMF was added dropwise to
the flask. The final mixture was stirred for 4 h at the same
conditions as before (Su et al. 2010, 2011; Shen et al. 2015).
Precipitation of the product was achieved by adding 10 mL of
CH3CN (99.5 +%; Sigma); the off-yellow solid was washed
twice with this solvent until no fluorescent dye was visible in
the supernatant. The solid was dried under vacuum at room
temperature for 24 h in the dark. The extension of fluorescein
tagging to DFO was assessed by a combination of two
methods. First, DFO concentration was determined by a spectrophotometric titration with ferrous ammonium sulfate (λ =
425 nm in a SpectraMax M4 Microplate Reader) (Faller and
Nick 1994). Then, fluorescein concentration was determined
fluorimetrically using FITC standards in a BMG FluoStar
Optima microplate reader (λexc/λem = 485/520 nm).

Quantification of iron availability by fluorescence
quenching measurements
The quantification of iron released from the MNP-OA was
determined by means of competitive assays with the fluorescent probes calcein, Fl-Tf, or Fl-DFO. These probes display
quick and stoichiometric fluorescence quenching upon binding to iron (Espósito et al. 2002). In flat, transparent 96-well
microplates, aliquots of 10 μL (20 μmol L−1) MNP-OA suspensions in aqueous solutions were treated with 190 μL of
2 μmol L−1 of calcein, Fl-DFO, or Fl-Tf in either HBS or
SUB. In all Fl-Tf experiments, buffers were supplemented
with 10 mmol L−1 sodium bicarbonate. The microplate was
incubated at 22 ± 3 °C in a BMG FluoStar Optima instrument,
and the fluorescence of the samples (λexc/λemis = 485/
520 nm) was registered in 1 min intervals during 1 h. These
experiments were performed in eight replicates and repeated
four times.

Evaluation of redox activity
The redox activity of MNP-OA (40 μmol L−1) in the presence
of ascorbate was evaluated by a fluorescence method described elsewhere (Esposito et al. 2003) under physiologically
relevant conditions of salinity, temperature, and ascorbate
concentration. The kinetic test measures the relative rates of
iron-catalyzed oxidation of the fluorescent probe
dihydrorhodamine 123 (DHR) (Biotium, USA). Aliquots
(10 μL, 40 μmol L−1) of MNP-OA were transferred to
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transparent, flat bottom 96-well microplates and treated with
180 μL of a mixture of 40 μmol L −1 ascorbate and
50 μmol L−1 DHR in HBS or SUB buffers. Fluorescence
was measured in a BMG Fluostar Optima instrument for
40 min at 37 °C (HBS) or 25 °C (SUB) (λexc/λem = 485/
520 nm). This analysis was carried out in eight replicates
and four repetitions in different days.

Animals
Adult male crabs, in the intermolt period, were collected at
Itanhaém, São Paulo coast (Lat. 24°10′59″S; Long. 46°47′20″
W), and brought to the vivarium of the University of São
Paulo for acclimatization of 7 days. The crabs were kept in
tanks with seawater at 22 ± 3 °C, 20‰ salinity, gravel, 12:12
(dark/light), water filter, and pieces of brick for emersion.
Animals were fed with lettuce and ground meat in alternate
days, according to Brazilian legislation and permission from
IBAMA (Brazilian Institute of the Environment and
Renewable Natural Resources). For each set of experiments,
five animals were used. Only intermolt males were used to
avoid different metabolic influences, such as hormonal influences (Ortega et al. 2016).
Mangrove ecosystems are important because they provide
organic matter to other environments, mainly to the marine,
terrestrial, and freshwater environments. They are also important as nursery and feeding ground for various species of fish,
mammals, and other crustaceans (Vaslet et al. 2012). The collection area is under human occupation and the impact of
different levels of contamination, mainly toxic metals, at
higher than permitted concentrations for brackish water
(Duarte et al. 2016).

Cellular dissociation
After acclimatization, hepatopancreatic cells were submitted
to cell separation using sucrose gradients (Ortega et al. 2011).
The hepatopancreas (HP) was added to a beaker with 15 mL
of extraction solution (3.75 mmol L−1 HEPES,
395.0 mmol L−1 NaCl, 10.0 mmol L−1 KCl, 2.5 mmol L−1
NaHCO3, 2.5 mmol L−1 NaH2PO4, 1.0 mmol L−1 glucose,
and 0.9 mmol L−1 EDTA, pH buffered to 7.8) and stirred for
20 min, using a proportion of 2:1 (suspension/tissue mass).
Then, the solution was filtered using a 30 μm nylon mesh,
centrifuged at 1000 rpm at 5 °C for 10 min, and stored for
separation in the sucrose gradient. The final volume of cell
suspension was 2 mL. The pellet was suspended using sucrose
concentrations of 10%, 20%, 30%, and 40% (2 mL) in 15-mL
tube and centrifuged for 5 min at 1000 rpm, 5 °C for 5 min.
After this, the different cell types from each gradient (2 mL)
were collected carefully in Falcon tubes (15 mL) and rinsed
with SUB buffer and kept in ice.
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Table 1 Organic composition (as %C and %H) and iron contents (%Fe)
of the MNP-OA

Scheme 1 MNP-OA obtained by means of the thermal decomposition of
iron(III) acetylacetonate, Fe(acac)3, in diphenyl ether in the presence of an
alcohol, oleic acid, and oleylamine as monodisperse magnetite
nanoparticles

NP size (nm)

%C

%H

%Fe

5

9.20

1.72

57.77

8

12.01

2.20

60.56

12

13.57

2.44

62.38

Cell viability
The viability of HP cells was estimated with Trypan Blue
method. In flat, dark 96-well microplates, 180 μL of each cell
type (E, R, F, and B; 23 × 104 cells/mL in SUB buffer) and
36 μL of MNP-OA or FAS were incubated for 1 h, and then
treated with 20 μL of Trypan Blue. After that, the viability was
quantified by counting the stained (unviable) and translucent
(viable) cells in a Neubauer chamber (Ortega et al. 2011).

Cellular transport
As soon as the separation step was finished, the
hepatopancreatic cells (23 × 104 cells/mL) were treated with
1.0 μL of 5 mmol L−1 calcein-acetoxymethyl ester (CALAM) in DMSO and 28 μL probenecid (98 + %; Sigma)
0.1 mmol L−1 during 1 h. Then, they were centrifuged 1 h at
200 rpm and 5 min at 1500 rpm at room temperature and
washed in SUB solution supplemented with probenecid
0.1 mmol L−1 (Ortega et al. 2014b, a). Then, aliquots of
180 μL of CAL-AM-laden HP cells were transferred to 96well dark microplates and into a Biotek FLx800 fluorimeter
(λexc/λem = 495/525 nm). Fluorescence was measured for
90 s. At t = 30 s, 36 μL of MNP-OA suspension was automatically injected in the microplate. Intracellular iron was calculated through a calibration curve of calcein standard (Ortega
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Fig. 1 Powder X-ray diffraction patterns of MNP-OA and indexation of
the Bragg peaks of magnetite structure

et al. 2011; Sá and Zanotto 2013). The experiment was carried
out in quintuplicate, with three repetitions.

Data analysis
All results were plotted using Origin 2016 (OriginLab,
Northampton, MA) or Prism Graph Pad 5.0 (Graph Pad
Software Inc., CA, EUA) and analyzed using the Sigma Stat
3.1 software (Sigma Stat, Ashburn, VA). One-way ANOVA
test was applied when necessary.

Results
MNP-OA were obtained by means of the thermal decomposition of iron(III) acetylacetonate, Fe(acac)3, in diphenyl ether
in the presence of an alcohol, oleic acid, and oleylamine as
monodisperse magnetite nanoparticles (Scheme 1), according
to established protocols (Sun and Zeng 2002; Sun et al. 2004).
The structure of magnetite was confirmed by means of
powder XRD (Fig. 1). Peaks referring to the planes hkl
(220), (311), (511), and (440) have 2θ = 30.4°, 35.8°, 57.2°,
and 63.0°, respectively. Organic contents as determined by
CHN elemental analyses and metal content quantified by
FAAS indicated that increased nanoparticle size relates to
more OA cover in relation to iron amount (Table 1). Shape
and size of the MNP-OA were determined by TEM (Fig. 2)
and zeta-potentials of MNP-OA-Tween® 80 are displayed in
Table 2. Nanoparticle sizes were estimated by XRD according
to the Debye–Scherrer equation (Patterson 1939). MNP coated with Tween® 80 formed stable suspension in aqueous
buffer. Negative values of zeta potential imparted by the hydroxyl groups (Aizawa 2009) indicate that electrostatic repulsion kept the suspensions stable a basic pH.
Results of the evaluation of the availability of iron from the
spontaneous dissociation of MNP-OA in two different buffer
systems (HBS and SUB) are displayed in Fig. 3. They indicated that, for MNP-OA ranging from 5 to 12 nm and in a
concentration range that keep them in suspension, no free iron
was detectable by any of the three fluorescent probes.
However, we found that the presence of ascorbic acid
(40 μmol L−1) in any of the buffers (HBS or SUB) was able
to mobilize a sizeable amount of iron ions from the mineral
cores (Table 3). No differences were found between the

35676

Environ Sci Pollut Res (2018) 25:35672–35681

Fig. 2 TEM images of MNP-OA

buffers, and the maximum amount of redox-active iron (~ 17–
18%) was originated by the smaller MNP (5 nm), according to
its greater surface area, lesser amount of coating, and thus
enhanced ability to interact with ascorbic acid.
Cell viability for the four types of HP cells (E, R, F, B) was
high even under high (900 μmol L−1) iron concentration
(Fig. 4). In comparison with the untreated ([Fe] = 0) control,
MNP-OA reached ca. 85–95% of viability.
The kinetic profiles of iron absorption by the different cells
treated with the MNP-OA are shown in Fig. 5, as fluorescence
quenching signals (the higher the amount of iron released into
the cell, the lower the fluorescence). Free iron, Fe(II), is always used as a positive control. After signal stabilization, it
was possible to quantify the amount of intracellular iron by
means of a calibration curve; the results are resumed in
Table 4.

Discussion
A crucial aspect for size control is the relative concentrations
of OA and oleylamine in the reactional mixture. It was shown
in previous studies (Moya et al. 2015) that low OA contents
during synthesis are associated with size increment of MNP.
TEM images (Fig. 2) and elemental analysis (Table 1) showed
that bigger nanoparticles have the highest amount of iron and
organic coating, as expected. We found that a certain amount
of OA and oleylamine (about 6 mmol each) is required to have
small MNP during the synthesis. The amount of OA plays an
important role increasing the magnetite crystallite size. This is
explained by the required formation of metal oleate

(intermediate complex) that will be reduced by oleylamine
to Fe(II) in order to form the MNP core with suitable regulation of nucleation and growth. In addition, OA plays an important role in the size and distribution of the particles, since
the dynamic medium layer around the core controls the
growth process. Finally, during the synthesis, 1,2-octanediol
has an important role in the stabilization and size distribution
of magnetite FeO·Fe2O3 (Morales et al. 2006; Xu et al. 2009).
Fluorescent iron probes can be designed to be stoichiometrically quenched by the presence of labile iron in solution,
which allow for its quantification in submicromolar concentrations (Espósito et al. 2002). DFO is a bacterial siderophore
forming a 1:1 complex with Fe(III) with high stability
(logK = 30.7 (Su et al. 2010)) and good selectivity for this
ion, as other metals form complexes with lower stabilities
(logK values of 7.2, 10.9, 14.1, 10.1, and 23.1 for Fe(II),
Ni(II), Cu(II), Zn(II), and Al(III), respectively
(Kontoghiorghes 1995)). Therefore, the conjugation of a fluorescent moiety to DFO is the base of the interesting iron probe
Fl-DFO, which was distributed by molecular probes but has
been discontinued. Here, we described a method for the synthesis of this probe by means of the reaction of FITC and
DFO. Fluorescent transferrin, Fl-Tf, is another fluorescent
iron probe designed by the conjugation of the circulatory iron
transporter transferrin to FITC (Breuer and Cabantchik 2001).
Transferrin may bind up to two Fe(III) ions in the presence of
bicarbonate, with logK = 22.7 (Martin et al. 1987). Calcein is
a commercial fluorescent indicator, incorporating the fluorescein moiety to an EDTA-like coordination environment
(Breuer et al. 1995). It also forms a very stable complex with
iron (logK = 33.8 (Thomas et al. 1999)) and, together with Fl-

Table 2 Size and electrostatic properties of MNP-OA. Diameter and size dispersion (σ) according to TEM (DTEM) or XRD (DXRD). Zeta potential (ζ)
and hydrodynamic radius (Rh) were determined after suspension with Tween®-80 in SUB buffer at pH 7.8
NP size (nm)

DTEM (nm)

σ

DXRD (nm)

ζ (mV)

Rh (D.nm)

5
8
12

5.2
7.8
11.7

0.55
0.54
0.84

4.8
7.7
10.9

− 12.,56 ± 3.28
− 19.33 ± 4.71
− 20.9 ± 5.17

9.3 ± 2.2
11.1 ± 2.0
14.2 ± 1.3

Fluorescence (r.u.)
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a

*
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*

*

d

*

*

*

*

*

*

*

*

0.8
0.6
Fe (II)
5 nm
8 nm
12 nm

0.4
0.2

Fluorescence (r.u.)

0.0

1.0

b

*

*

e

c

*

*

f

0.8
0.6
0.4
0.2

Fluorescence (r.u.)

0.0

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.5

1.0

1.5

2.0

0.0

-1

0.5

1.0

1.5

2.0

Iron concentration ( mol.L-1)

Iron concentration ( mol.L )

Fig. 3 Iron availability from MNP-OA and free iron (Fe(II)) tested by
fluorescent probes at 2 μmol L−1. a–c HBS buffer; d–f SUB buffer.
Probes were calcein (a, d), Fl-Tf (b, e), and Fl-DFO (c, f). *Statistically

significant differences compared to free iron Fe(II) (P < 0.05; n = 8, for
four independent experiments). r.u. = relative fluorescence units

Tf and Fl-DFO, can give a measure of the stability of different
iron compounds against endogenous or exogenous chelators.
In our experiments (Fig. 3), none of these probes showed the
ability to chelate iron from the nanomaterials. Therefore,
MNP may be visualized as a poor source of labile iron from
the mineral core due to their protective hydrophobic coating
(Cornell and Schwertmann 2003). These results are in line
with our previous findings referring to the low iron availability
from iron hydroxides coated with sugars (Vitorino et al. 2015).
Finally, iron ions (FAS) were more accessible to the

fluorescent probes in HBS buffer, probably due to the higher
salinity of SUB, which could lead to more extensive hydrolysis of Fe(II).
Under physiological conditions, the association of iron to
ascorbate produces reactive oxygen species (ROS), depending
on the relative iron/ascorbate ratios, and can lead to an unregulated oxidative stress. Ascorbate can enhance iron solubilization by keeping it in the ferrous form (Esposito et al. 2003;
Fukumura et al. 2012). Therefore, small amounts of ascorbate
could reduce MNP-OA in the same fashion that it reduces

Table 3 Redox-active iron from different compounds (40 μmol L−1 in
iron, total concentration) in HBS and SUB buffers with ascorbate acid
40 μmol L−1 and DHR 50 μmol L−1) (average ± SD; n = 8, for four

independent experiments). Different letters indicate significant
differences after ANOVA (P < 0.05)

Iron compound

MNP-OA (5 nm)
MNP-OA (8 nm)
MNP-OA (12 nm)

HBS

SUB

Redox-active iron (μmol L−1)

Redox-active iron (%)

Redox-active iron (μmol L−1)

Redox-active iron (%)

7.16 ± 0.39(a)
6.15 ± 0.56(b)
5.77 ± 0.36(b)

17.9
15.4
14.4

6.66 ± 0.23(c)
5.71 ± 0.48(d)
5.63 ± 0.15(d)

16.7
14.3
14.1
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E cell
Fe(II)
5 nm
8 nm
12 nm

80
60
40
20
0

60
40
20
0

Iron oxide nanoparticles

B Cell

F Cell
Fe(II)
5 nm
8 nm
12 nm

80
60

Fe(II)
5 nm
8 nm
12 nm

100

Cell Viability (%)

100

Cell Viability (%)

Fe(II)
5 nm
8 nm
12 nm

b,c

b

80

Iron oxide nanoparticles

40
20

80
60
40
20
0

0

R Cell
a

100

Cell Viability (%)

100

Cell Viability (%)

a,c

Iron oxide nanoparticles

Iron oxide nanoparticles

Fig. 4 Viability (average ± SD; n = 5) of cell types (E, R, F, and B) of the mangrove crab Ucides cordatus after 1-h exposure to MNP-OA (900 μmol L−1,
total iron concentration). Different letters represent statistical differences (P < 0.05)

Fe(III) from its complexes to generate ROS (Esposito et al.
2003). This means that ascorbate may efficiently keep iron
from MNP-OA in a redox cycle with possible deleterious

effects to organisms. Here, we show that the amount of iron
released from MNP after reaction with ascorbate is inversely
proportional to its size (Table 3). In agreement with our data,
blank
Fe(II)
5 nm
8 nm
12 nm

Fluorescence (r.u.)

1.0

0.8

0.6

0.4

0.2

E Cell

R Cell

0.0

Fluorescence (r.u.)

1.0

0.8

0.6

0.4

0.2

F Cell

B Cell

0.0
0

15
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Time (s)
Fig. 5 Kinetics of intracellular iron accumulation in HP cells from
U. cordatus (average ± SD; n = 5) after treatment with MNP-OA
(900 μmol L−1) or free iron (Fe(II)) at t = 30 s. r.u. = relative fluorescence

0
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units. Embryonic cells (E), resorptive cells (R), fibrillar cells (F), and
blister cells (B) are represented
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Table 4 Intracellular iron concentrations (μmol L−1) in HP cells of Ucides cordatus loaded with different iron compounds (average ± SD; n = 5
independent experiments. nd = not detectable). Embryonic cells (E), resorptive cells (R), fibrilar cells (F), and blister cells (B) were studied
Iron compound

E

R

F

B

Fe(II)

1.88 ± 0.01

1.65 ± 0.02

1.54 ± 0.02

1.58 ± 0.01

MNP-OA (5 nm)

0.90 ± 0.03

0.61 ± 0.02

0.67 ± 0.04

0.84 ± 0.22

MNP-OA (8 nm)
MNP-OA (12 nm)

0.85 ± 0.04
0.67 ± 0.05

0.55 ± 0.01
0.43 ± 0.01

0.54 ± 0.02
0.44 ± 0.02

0.65 ± 0.03
0.64 ± 0.01

first-order kinetics depending upon surface area was also observed for electrochemical reactions catalyzed by zero-valent
iron (Sponza and Işik 2002; Wu et al. 2014) or other MNP
with different crystalinities (α-Fe2O3 or γ-Fe2O3) (Gregor
et al. 2010).
Magnetite NP have received considerable attention due to
their promising medical and technological applications, especially after considering their relative low toxicity to humans
(Jeng and Swanson 2006). Lung epithelial cells (Karlsson
et al. 2008), glia, breast (Ankamwar et al. 2010), or tumor cell
lines such as HeLa (Cheng et al. 2005), A545 (Shen et al.
2009), and COS-7 (Patil et al. 2018) displayed very low or
absent loss of viability. In our study, the viability of HP cells
indicates that acute exposure to these compounds is not likely
to induce significant toxic effects (Fig. 4).
MNP-OA were absorbed by all HP cell types (Fig. 5) to an
extension inversely related to size. They could be internalized
by endocytosis (Könczöl et al. 2011; Jahn et al. 2012) or
passive diffusion (Treuel et al. 2013; Shang et al. 2014) but
probably not by divalent metal transporters due to steric and
charge constraints. Interestingly, the presence of the organic
coating (OA and Tween®-80) did not prevent these nanoparticles to be metabolized.
Cells with digestive and storage roles typically absorbed
iron from all sources (Table 4). For any given compound,
and when all cell types displayed iron absorption, E cells were
good or the best accumulators, reflecting their demand for
nutrients to allow for intense cell division and differentiation.
Similar studies of accumulation of essential (Ca(II) (Zanotto
and Baptista 2011)) and non-essential (Cd(II) (Ortega et al.
2017)) metal ions also indicated greater storage by E cells.
Iron can be absorbed to a greater extent by E cells because it
is an essential mineral, crucially so to the mitochondria that
provide the energy necessary for mitosis (Andrews 2000).
E cells are the precursor of R, and this of F cells (Ortega
et al. 2014b). These are involved mainly in absorption and
sustenance, but undergo mitosis to a less extent (Ortega
et al. 2011, 2017). Finally, B are storage cells (Ortega et al.
2014b) and depending upon external stressors it can absorb
more iron and less non-essential metals (Ortega et al. 2016,
2017). In these cells, specific transporters such as DMT1 are
usually involved in free ion transport (Andrews 2000); however, this route is probably not important for coated

nanoparticles that could gain access to the cell via endocytosis
(Könczöl et al. 2011).

Conclusions
Three oleic acid-coated magnetite nanoparticles with controlled sizes were synthesized and suspended in aqueous
Tween-80, with good stability against strong iron chelators.
MNP-OA are accumulated by hepatopancreatic cells of
Ucides cordatus, a bioaccumulator of toxic metals in polluted
aquatic environments. The smaller (5 nm) MNP was more
efficient in inducing iron load, which, although not acutely
toxic, is highly bioavailable, which may cause long-term effects on the organism’s health and population size. These results indicate that the widespread use of highly active iron
nanoparticles is not free of some environmental impact.
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