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Iron nanoparticle bio-interactions evaluated in Xenopus laevis embryos, a
model for studying the safety of ingested nanoparticles

Patrizia Bonfanti®, Anita Colombo?, Melissa Saibene?, Luisa Fiandra?, llaria Armenia®, Federica Gamberoni®,
Rosalba Gornati®, Giovanni Bernardini® and Paride Mantecca®

Department of Earth and Environmental Sciences, Research Centre POLARIS, University of Milano-Bicocca, Milano, Italy; PDepartment
of Biotechnology and Life Sciences, University of Insubria, Varese, Italy

ABSTRACT

Iron nanoparticles (NPs) have been proposed as a tool in very different fields such as environ-
mental remediation and biomedical applications, including food fortification against iron defi-
ciency, even if there is still concern about their safety. Here, we propose Xenopus laevis embryos
as a suitable model to investigate the toxicity and the bio-interactions at the intestinal barrier of
Fes0, and zerovalent iron (ZVI) NPs compared to Fe(ll) and (lll) salts in the 5 to 100mg Fe/L
concentration range using the Frog Embryo Teratogenesis Assay in Xenopus (FETAX). Our results
demonstrated that, at concentrations at which iron salts induce adverse effects, both iron NPs
do not cause acute toxicity or teratogenicity even if they accumulate massively in the embryo
gut. Prussian blue staining, confocal and electron microscopy allowed mapping of iron NPs in
enterocytes, along the paracellular spaces and at the level of the basement membrane of a
well-preserved intestinal epithelium. Furthermore, the high bioaccumulation factor and the
increase in embryo length after exposure to iron NPs suggest greater iron intake, an essential
element for organisms. Together, these results improve the knowledge on the safety of orally
ingested iron NPs and their interaction with the intestinal barrier, useful for defining the poten-
tial risks associated with their use in food/feed fortification.
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Introduction that determine the aggregation/agglomeration of NPs
and their consequent sedimentation (Grieger et al.
2010). These phenomena can lead to the formation of
ZVI hotspots that represent a source of contamination
for benthic organisms, which are in turn relevant for
the transfer of ZVI NPs to other organisms through
the food chain, in particular to those that graze on
the bottom such as fish and amphibian larvae.
Among nanoscale iron, superparamagnetic iron

oxide NPs are widely studied for magnetic reson-

Iron-based nanoparticles (NPs) are currently used in
very different fields ranging from environmental
remediation to nanomedicine. In particular, zero-val-
ent (ZVI) iron NPs have gained increasing attention
for soil, groundwater and wastewater remediation.
Indeed, thanks to their reduced size, ZVI NPs applied
in situ show higher reactivity towards a wide range of
agueous contaminants (inorganic anions, chlorinated
organic compounds and heavy metals) and higher

mobility compared to their microscale counterpart (Li
et al. 2017). Nevertheless, these advantages are under-
mined when the mobility potential away from the
injection site is limited both by NP-specific physical-
chemical properties and environmental/hydrogeo-
logical conditions (pH, dissolved oxygen and oxida-
tion-reduction potential, dissolved organic matter)

ance imaging (MRI), for cancer treatment (Song
et al. 2019) and for targeting antibiotics (Armenia
et al. 2018), enzymes (Balzaretti et al. 2017) and
other drugs (Moros et al. 2018). In addition, iron
NPs functionalized with thermophilic enzymes
might find their place also in industrial biotechnol-
ogy (Armenia et al. 2019).
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Recently, the use of iron NPs in nanomedicine is
also arousing interest in food and feed iron supple-
mentation. Indeed, iron deficiency is common in sev-
eral  physiological and pathological conditions
(Camaschella 2019), and is particularly evident in
developing countries (Kassebaum et al. 2016). The
water-soluble and bioavailable ferrous sulfate, fumar-
ate or gluconate, currently used for controlling iron
deficiency, unfortunately, affect the gastrointestinal
tract with significant side effects (Tolkien et al. 2015).
Conversely, the good bioavailability, product stability,
negligible side effects and no changes of food organo-
leptic properties of iron NPs make them eligible for
food fortification (Rohner et al. 2007; Hilty et al. 2010;
Zimmermann et al. 2011; Hosny et al. 2015).

Considering the various applications described
above, iron-based NPs raise concerns for the poten-
tial risk of exposure through ingestion, which can
occurs both into the aquatic environment, this being
the ultimate recipient of NPs that are intentionally or
accidentally spilled into it, and when they are used
as nanoingredients. In vitro (Gornati et al. 2016;
Coccini et al. 2019) and in vivo experiments on mam-
mals (Cappellini et al. 2015; Feng et al. 2018) have
been performed to evaluate iron NP toxicity.
Moreover, several iron NPs (i.e. FePO, NPs) have pro-
ven to be safe for ingestion in parallel studies on rat
and human cell lines (von Moos et al. 2017).
Nevertheless, limited studies are available that relate
NP effects to the modality of nano-bio interactions
on alternative models, especially during the sensitive
period of early development (Valdiglesias et al. 2015).

Embryos of Xenopus laevis have been used for a
long time in toxicology and proved so well their suit-
ability that, in 1983, Dumont and colleagues
(Dumont et al. 1983) conceived a test, the Frog
Embryo Teratogenesis Assay in Xenopus (FETAX) that
was making use of Xenopus embryos. This bioassay,
thanks to its three end-points (i.e. mortality, malfor-
mation and growth retardation), was mainly
designed for the evaluation of developmental toxi-
cants, predicting human teratogens with a 75%
accuracy (Fort and Robbin 2002). FETAX has been
used not only for evaluating single compounds
(Bernardini et al. 1994; Presutti et al. 1994), but also
to test environmental mixtures (Dawson 1991; Fort
et al. 2003), soils (Prati et al. 2000), sludges (Chenon
et al. 2003), the efficiency of an environmental plan
(Vismara et al. 1993) or to study the decline of

amphibian population (Garber et al. 2004). Recently,
FETAX has become useful also for evaluating toxicity
and teratogenicity of nanomaterials (Bacchetta et al.
2012; Colombo et al. 2017).

The utility of the FETAX can further be enhanced
adding to the whole embryo morphological end-
points, sub-organismal and molecular studies with
the aim of obtaining mechanistic information (Fort,
McLaughlin, and Burkhart 2003). As we have shown
in previous papers, Xenopus laevis embryos can pro-
vide insights for evaluating NP bio-interactions in par-
ticular at the intestinal barrier (Bacchetta et al. 2012;
Bonfanti et al., 2015; Colombo et al. 2017). In fact,
contrary to other non-mammalian embryos (e.g.
zebrafish and medaka), typically used for ecotoxico-
logical and developmental studies, Xenopus embryos
during the first 96h of development complete the
organogenesis and with the stomodeum opening
(stage 40, 2day and 18 h p/f. at 23°C) begin to ingest
materials present in the environment. Therefore, the
ingested materials come into contact very early with
an epithelial monolayer of enterocytes with microvilli
that increase the cell surface area facing gut lumen
quite similar to that of the mammalian gut.

In this paper, we propose X. laevis embryos as a
model for studying iron NP bio-interactions and evalu-
ate their safety. Here, we have shown that embryos
accumulate NPs in the intestine. The massive presence
of iron NPs in the embryo intestine, however, does not
seem to cause acute toxicity nor teratogenicity. This
model is also promising for studying NP diffusion
across the intestine. Indeed, paracellular pathway,
endocytosis-exocytosis, M-cell-mediated pathway (Yu
et al. 2016) as well as simple diffusion by direct cross-
ing of the plasma membrane (Zanella et al. 2017) are
the mechanisms by which NPs are supposed to cross
the intestinal biological barrier.

Material and methods
Chemicals and iron NPs

Zerovalent iron (ZVI) NPs were purchased from
American Elements (Los Angeles, CA, USA). They were
supplied in form of nanopowder, with 99% purity and
aerodynamic particle size <100 nm, composed by NPs
with a primary size of 20-40 nm as described by the
supplier. Iron oxide (FesO4) NPs (CAS Number 1317-
61-9) were purchased in form of nanopowder with a



TEM determined size <50 nm as declared by the sup-
plier (Sigma-Aldrich, St. Louis, USA).

Stock suspensions of both iron NPs were prepared
in deionized (DI) water at a concentration of 10g Fe/
L and sonicated for 15 min. Working concentrations
of NPs (5, 10, 50 and 100 mg Fe/L) were obtained by
diluting stock solutions in FETAX solution. FETAX
solution composition was (in mg/L): 625 NaCl, 96
NaHCOs, 30 KCI, 15 CaCl,, 60 CaS0,4-2H,0 and 70
MgSO, (pH 7.6-8.0). Suspensions were vortexed for
30 sec to obtain homogeneous dispersions.

Al analytical-grade reagents, human chorionic
gonadotropin (HCG), 3-amino-benzoic acid ethyl ester
(MS222), salts for FETAX solution, iron(lll) chloride
(FeCls) and iron(ll) sulfate heptahydrate (FeSO,4-7H20)
were purchased from Sigma-Aldrich S.rl., Iltaly.

NP characterization

The primary size and shape of ZVI and Fes04 NPs
were evaluated with a JEOL-1010 electron micro-
scope (JEOL, Tokyo, Japan) operating at 90kV and
equipped with a CCD camera MORADA (Olympus,
Tokyo, Japan). Samples were prepared placing 5 pl
of a diluted suspension of each NP type in ethanol
on a formvar-carbon-coated copper grid.

Hydrodynamic diameter (D) and (-potential of
iron NPs were evaluated in deionized water at a
concentration of 25mg Fe/L with a Zetasizer Nano
7590 (Malvern Instruments, UK). The Dy, was meas-
ured in a clear 2mL cuvette and the (-potential in
1TmL folded capillary cell (DTS1061, Malvern
Instruments, UK) at room temperature, immediately
after vortexing the sample.

Monitoring of iron NP behavior in FETAX solution

Stocks of freshly prepared ZVI and FesO4 NPs were
diluted in FETAX solution at nominal concentrations
of 25 and 100 mg Fe/L. Temporal changes of pH of
NP suspensions and iron salt solutions were moni-
tored ex situ for 24 h at room temperature. NP sedi-
mentation was monitored for 24h at room
temperature in clear 2mL polypropylene cuvettes
with a UV-vis spectrophotometer at 506 nm.

Since during FETAX test the treatment solutions
were renewed every 24 h, NP dissolution in FETAX
solution was quantified at 24 h, by collecting the
iron NP suspensions from three test replicates
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directly from the Petri dishes before renewal. To
remove the non-soluble fraction of NPs, samples
were ultra-filtrated with ultra-filtration centrifuge
tubes with a 10kDa molecular weight cutoff
(Vivaspin®6, 10000 MWCO PES, Sartorius, Germany)
at 4000g for 15min at room temperature. Filtrates
were acidified by adding HNOs to a final concentra-
tion of 2% and measured with an ICP-OES (Perkin-
Elmer Optima 7000 DV, Santa Clara, CA, USA). The
analyses were conducted on samples from three
independent bioassays and each measurement was
replicated three times.

Experimental design

The embryotoxicity was assessed using the conven-
tional FETAX protocol in which Xenopus embryos at
mid-blastula stage (5h post fertilization, p.f)
(Nieuwkoop and Faber 1956) were exposed to
freshly prepared iron NP suspensions and to FeSO,
and FeCl; solutions. The concentration range
(5-100mg Fe/L) was selected in order to obtain a
good concentration response curve, in terms of
mortality and malformations, and therefore, allow
calculation of the LCsq and ECsy of the most active
compounds. Control embryos were incubated in
standard FETAX solution alone. At the end of the
tests, 96 h p.f. embryos were processed for histo-
pathology, ferric and ferrous ions localization, NP
tracking by confocal and electron microscopy and
iron accumulation by ICP-OES.

Fetax

Xenopus laevis embryos were generated and tests
were conducted as previously described (Bonfanti
et al. 2015). Briefly, before embryo selection, the
jelly coat was removed by swirling the embryos for
1 to 2min in a 2.25% L-cysteine solution (pH 8.1).
Each single test consisted of three replicates for
control and two technical replicates for each com-
pound concentration. For each compound at least
three tests were performed. All of the Petri dishes
were incubated in a thermostatic chamber at
23+0.5°C with a mild shaking until the end of the
test (96 h p.f.). All treatment solutions and NP sus-
pensions were freshly prepared and renewed daily
after the counting and removal of dead embryos.
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At the end of the test, the surviving embryos of
each experimental group were anesthetized with
MS-222 (100 mg/L) and screened for individual mor-
phological abnormalities with a stereo-microscope
(Zeiss, Germany), taking as a reference the Atlas of
Hausen and Riebesell (1991). The embryos were
then formalin fixed to estimate the growth retard-
ation by measuring head-tail length with the digitiz-
ing software AxioVision.

Histopathological analysis

For light microscopy analyses, embryos were ran-
domly selected at the end of the FETAX assays,
fixed in 10% buffered formalin and processed for
embedding in paraffin. The samples were trans-
versely cut from eye to proctodeum into 6 um thick
serial sections, and mounted on glass slides.
Sections were alternatively stained with hematoxy-
lin and eosin (H&E) for histopathological analysis
and Prussian blue or Turnbull staining for evidenc-
ing tissue Fe(lll) or Fe(ll) deposits. Sections were
finally examined with a Zeiss Axioplan light micro-
scope, equipped with an Axiocam MRc5 digital
camera. Ten specimens for each experimental group
were histologically screened.

Iron NP tracking by confocal reflection microscopy

For NP visualization in the embryo intestinal epithe-
lium, a Leica TCS SP5 confocal laser scanning micro-
scope (CLSM) was used in reflection mode. Embryos
were fixed overnight in 10% buffered formalin at
room temperature, rinsed and bleached in a H,0,/
KOH (3%/0.5%) solution for 2h to avoid reflection
due to embryo pigmentation (Bacchetta et al.
2014). After processing with standard histological
procedures, the sections, mounted on glass slides,
were dewaxed, hydrated and processed for rhoda-
mine phalloidin staining to visualize brush border
actin filaments (Colombo et al. 2017). According to
Prins and colleagues (Prins, Velde, and de Heer
2006), samples were illuminated with a 488-nm
argon/krypton laser using an intensity of the AOTF
filter of 10%. A neutral RT 30/70filter was used as
beam splitter and placed at a 45 angle in the path
of the beam. Images were processed with the Leica
dedicated LAS AF software.

Electron microscopy analysis

For TEM analyses, embryos were randomly selected at
the end of the FETAX assays and fixed in 2.0% parafor-
maldehyde and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer at pH 7.4. After several washes in the
same buffer, embryos were post-fixed in 1% OsO, in
0.1 M phosphate buffer at pH 6.0 for 1.5h at 4°C in
the dark, washed with milliQ water, counterstained
with 1% uranyl acetate, dehydrated in a graded etha-
nol series, and transferred in 100% propylene oxide.
Infiltration was performed with propylene oxide and
embedding resin (Araldite-Epon) at volumetric pro-
portions of 2:1 for 1.5h, 1:1 overnight, 1:2 for 1.5h
and pure resin for 4h. Samples were polymerized at
60°C for 48h. Ultra-thin sections were cut with a
Reichert Ultracut E microtome and collected on 200-
mesh uncoated copper grids. Sections were not coun-
terstained to avoid contaminations by lead citrate and
uranyl acetate that ultimately may interfere with metal
NP visualization. Samples were analyzed using a Jeol
JEM1220 transmission electron microscope operating
at an accelerating voltage of 80 kV and equipped with
a Lheritier LH72WA-TEM digital camera.

Iron quantification in embryos

At the end of the test, control and treated embryos
were collected and placed in Petri dishes containing
fresh FETAX solution for 36 h to purge them from
ingested NPs still present in the intestinal lumen or
attached to the embryo surface. Embryos (approxi-
mately 100 embryos per measurement) were then
weighted and quickly frozen on dry ice and stored
at -80 °C until analyses.

For Fe bioaccumulation determination, embryos
were dried until complete water loss occurred
(about 3 h at 50°C). Embryos were then digested in
4ml of 65% iron-free HNO; using a mineralizator
Milestone Ethos TC (Milestone srl, Italy). After
adequate dilution, samples were analyzed by ICP-
OES (PerkinElmer, Optima 7000 DV Perkin Elmer) to
quantify total iron concentrations. Each measure-
ment was repeated three times.

Data collection and statistical analysis

The number of dead embryos versus their total
number at the beginning of the test led to the mor-
tality percentages, and the number of malformed



embryos versus the total number of surviving ones
gave the malformed embryo percentages. Data
were expressed as the mean+SEM. The data were
tested for homogeneity and normality.

When these assumptions were met, one-way ana-
lysis of variance (ANOVA) was performed; otherwise,
the non-parametric Kruskal-Wallis test was applied.
The significance level was set at p < 0.05. The inci-
dence of specific malformations was investigated by
chi-square method, using Yates's correction for con-
tinuity (y2 test) or Fisher's exact tests. Mortality and
malformation percentages were used to calculate the
96 h pf. LCso (concentration causing 50% lethality)
and 96 h p.f. EC5o (concentration inducing teratogen-
esis in 50% of surviving embryos) for each experi-
mental group. These values were calculated resorting
to Probit analysis (Bernardini et al. 1994) and to this
aim the IBM SPSS statistic 25 software has been used
with 95% confidence interval. The Teratogenic Index
(TI), useful in estimating the teratogenic risk associ-
ated with the tested compounds, is represented by
the LC50/ECs, ratio.

Results
Characterization of iron NPs

TEM micrographs confirm the NP size and shape
declared by the suppliers for both types of iron
NPs, although the size and shape variability seemed
to be larger (Figure 1). FesO4 NPs show round
shapes, while ZVI NPs have a more polygonal sur-
face area.
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DLS analysis on NPs suspension in distilled water
and FETAX solution showed a dispersion of larger
NPs that rapidly agglomerate, yielding a high poly-
dispersity index (PDI) (Table S1 in Supplementary
Material). The { potential measurements of iron
NPs, performed at a concentration of 25mg/L in
distilled water and recorded at 25°C, resulted to be
—12.5mV for ZVI NPs and +9.4 for Fes0, NPs.
Moreover, these values suggest a tendency of NPs
to agglomerate.

Behavior of iron NPs in FETAX solution

The pH values of iron salt solutions (FeSO, and
FeCls) (Figure S1 in Supplementary Material) and NP
suspensions at the concentrations of 25 and 100 mg
Fe/L were measured over 24h. It is known that
Fe(lll) solutions undergo acid hydrolysis and that
during aging also Fe(ll) ions and Fe® in aqueous
solution at alkaline pH, such as that of FETAX solu-
tion, oxidize to Fe(lll). In our hands, 25mg Fe/L of
FeSO, and FeCl; salts caused a decrease of FETAX
solution pH from pH 7.7 to 6.2 and 6.9, respectively.
These values, however, are still compatible with
embryo development (Bonfanti et al. 2018). Instead,
100mg Fe/L of FeSO, and FeCls produced, within
24h, a drastic decrease of the pH of the FETAX
solution to 5.2 and to 4, respectively. On the con-
trary, equivalent concentrations of iron NPs did not
reduce the pH of FETAX solution to values lower
than 6.8, in agreement with their low dissolution
(reported in Figure 2).

Fe;O,NPs

Figure 1. Transmission electron microscopy of iron NPs. The analysis revealed the large heterogeneity in the NP size and shape.

Scale bar: ZVI NPs 100 nm; Fe304 NPs 50 nm.
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The settling properties analysis of ZVI and Fe;0,
NPs in FETAX solution showed that large agglomer-
ates of both NPs tended to precipitate as a function
of time and concentration as shown in Figure S2 in
Supplementary Material. After 24 h, however, only a
small percentage of NPs remained in suspension
(approximately 6% for the 25mg Fe/L suspensions
and 3% for the 100 mg Fe/L suspensions).
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Figure 2. Dissolution of iron NPs in FETAX medium. Measures
were performed at 25 and 100mg Fe/L NPs at 24h by ICP-
OES after removal of NPs by ultrafiltration. Histograms repre-

sent the mean concentrations of soluble Fe in NP suspensions
(n=3). Bars = standard error of the mean (SEM).
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To evaluate the contribution of dissolved ions to
NP embryotoxicity, the dissolution of ZVI and Fe;0,
NPs in the FETAX solution was tested by ICP-OES
after 24 h (Figure 2). The soluble iron concentrations
measured in the NP-free ultrafiltrates of both suspen-
sions ranged from 16 to 31 pug/L. These results dem-
onstrate that ZVI and Fe;0,4 NPs are poorly soluble in
the saline solution used for the biological tests. If the
data are expressed as a percentage of dissolved iron
with respect to the total nominal mass, the dissolved
iron was 0.08 and 0.06% for 25mg Fe/L ZVI and
FesO4 NPs, and 0.02 and 0.03% for 100 mg Fe/L ZVI
and Fes04 NPs, respectively. Therefore, the increased
particle agglomeration and precipitation observed
with NP suspension at a concentration of 100 mg Fe/
L might prevent extensive dissolution.

Comparative embryotoxicity of iron NPs and salts

Figure 3(A) shows the concentration-response curves
for mortality and malformed embryos after exposure
to ZVI and Fe;0,4 NPs and iron salt solutions. Iron NPs
were not embryo-lethal even at the highest tested
concentration (100mg Fe/L), as mortality rates were

Malformed embryos
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Figure 3. FETAX results after exposure to iron NPs and Fe (II/lll) salts. (A) Comparative embryotoxicity expressed as mortality and
malformed embryo rates. (B) Effect on growth expressed as head-tail length of stage 46 X. laevis embryos. All values are given as

mean + SEM of three independent assays. In (A): * statistically different from control; ®
ing concentration of iron salt or NPs (p < 0.05, ANOVA + Fisher LSD Method). In (B):

statistically different from the correspond-
statistically significant increase versus con-

trol; ) statistically significant decrease versus control (p < 0.05, ANOVA + Dunn’s test).
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Table 1. Pattern of malformations in stage 46 Xenopus embryos exposed to iron NPs and Fe(ll)/(lll) salts.

FeSO, (mg Fe/L)

FeCl; (mg Fe/L)

ZV1 NPs (mg Fe/L) Fe304 NPs (mg Fe/L)

Control 5 25 50 5 25 5 25 50 100 5 25 50 100
Total embryos 428 121 125 125 201 198 225 225 225 225 200 200 200 202
Living embryos 428 118 113 68 195 177 224 219 214 218 197 194 195 201
Gut miscoiling 7(16) 9(76° 9(80)° 35(515° 14(7.2° 4(23) 8(3.6) 3(14) 8(3.7) 1(0.5 13 (6.6)° 16(8.2° 15(7.7)° 19 (9.5°
Abdominal edema 3 (4.4)° 1(04) 1(05) 1(0.5) 525° 8@41N® 6(3.1)° 11(55P
Tail flexure 109 8(11.8° 2(1.07 1(04) 2 (0.9) 2 (1.0 2(1.0° 3 (1.5?
Craniofacial defects 1(0.8) 1(0.9) 6(88)° 2(1.0° 1 (0.5) 2 (1.0)
Eye defects 2 (0.46) 1(0.9) 2297 3(15) 1(04) 1(0.5) 1(0.5) 1(0.5)

(Percentages based on number of malformations/number of those living)
?Chi-squared test: p < 0.001 versus control.
BChi-squared test: p < 0.05 versus control.

not statistically different from control and never
exceeded 5%. In contrast, both Fe(ll) and Fe(lll) salts
caused a mortality rate statistically different from con-
trols, already at the concentration of 25 mg Fe/L. FeCls,
however, produced a stronger acute toxic effect since
at 50 mg Fe/L and within 24 h caused the death of all
the embryos. Significant amounts of Fe(lll) hydroxide
precipitates were adsorbed on the surface of fertiliza-
tion envelope at 24 h p.f. (data not shown).

Malformation rates statistically different from
controls occurred to embryos exposed to iron salts
and iron oxide NPs. Morphological analysis evi-
denced abnormalities of the tail, face, eyes, and gut
coiling often associated with the presence of edema
in the abdominal region (Table 1 and Figure 4).

However, such malformations occurred in the
same concentration range at which mortality
occurred. Therefore, the tested compounds are not
to be considered teratogens as established by the
Teratogenic Index (TI) calculated as the ratio
between 96 h pf LCsq and ECsq reported in Table 2.

As far as it concerns the third FETAX endpoint, i.e.
growth inhibition, the head-tail length of living
embryos has been measured. The data showed a sig-
nificant growth inhibition after exposure to both
Fe(ll) and Fe(lll) salts at already 25 mg Fe/L (Figure
3(B)). Interestingly, the lowest concentration of iron
salts (5 mg Fe/L) and all the tested concentrations of
iron NPs caused an increment of the embryo lengths
respect to those of the control group (Figure 3(B)).
This deviation from the commonly described mono-
tonic behavior of the concentration-response curves,
suggests a hormetic effect (Prati et al. 2002).

Histopathological analysis and NP tracking

The observation of serial transverse histological sec-
tions of 96h old embryos exposed to 25mg Fe/L

confirmed that primary organogenesis was not sub-
stantially impaired by treatments with iron salts and
NPs (Figure 5(A-E)). Focusing on gut epithelium at
higher magnification, some morphological altera-
tions such as a slightly damaged brush border and
sporadic aggregations of yolk platelets in entero-
cytes were detected in embryos treated with both
iron salts and NPs (Figure 5(G-L)). These data sug-
gest a delay in the differentiation of the intestinal
epithelium that is more evident in embryos treated
with iron salts than in those treated with iron NPs
(Figure 5(G-H)).

Furthermore, the presence of debris in the intes-
tinal lumen was evident, especially in the intestine
of embryos treated with iron NPs. Perl’s staining
confirmed that iron in form of Fe(lll) accumulated in
the gastrointestinal tract of treated groups (Figure
6). In addition to the large iron clusters present in
the intestinal lumen, the blue staining showed that
iron adheres to the brush border (Figure 6(H-L)).
The blue staining is present also in the cytoplasm
of the enterocytes in particular in Fes04 NP treated
embryos (Figure 6(L)). Turnbull staining did not
reveal the presence of ferrous (data
not shown).

The tracking of iron NPs performed by the con-
focal microscope in reflection mode showed the
interaction of iron NPs with the intestinal epithe-
lium (Figure 7). In particular, iron NPs were mapped
along the microvilli, at the level of intestinal epithe-
lium basement membrane, and dispersed within
the enterocytes. In embryos treated with ZVI, NPs
were also observed in the paracellular spaces
(Figure 7(B)). Instead, FesO; NPs were observed
even at the level of the serous membrane lining
the abdominal cavity (Figure 7(C)).

To better detail the iron NP interaction with the
intestinal  epithelium, we carried out an

iron
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Figure 4. Xenopus laevis embryos at the end of the FETAX test. Ventral views of a control (A) and embryos exposed to 25 mg Fe/
L of FeSO, (B), FeCls (C), ZVI NPs (D) and Fe304 NPs (E). FeSO, treated embryos show abnormal gut coiling (arrow) and the pres-
ence of dark material in the intestinal loops is appreciable in NP treated embryos (D and E). Bars = 500 um.

Table 2. Embryotoxicity of Fe(ll) and (lll) salts and iron NPs in
96 h pf Xenopus laevis embryos.

96 hpf

Treatment LCso (mg/L) ECso (mg/L) Tl

FeSO, 56.10 (41.80-81.86) 79.14 (n.d.) 0.7

FeCls 32.21 (14.53-87.48) 74.14 (n.d.) 0.43
ZV1 NPs n.d. n.d. n.d
Fes04 NPs n.d. 232.68 (n.d.) n.d

n.d.: not determined; LCso: Median lethal concentration; ECso: Median
teratogenic concentration; TI: Teratogenic index (LCso/ECsp).

ultrastructural analysis by TEM, which confirmed the
presence of NP aggregates associated with micro-
villi (Figure 8(C,F)) and cytoplasmic yolk platelets
(Figure 8(D,G,E)), and their translocation up to
enterocyte basal region (Figure 8(H)).

Moreover, the FesO, NP aggregates were also
found in proximity of hepatic sinusoidal spaces and
within hepatocytes, demonstrating that at least these
iron NPs were transferred from the enterocytes to
blood circulation and internalized by hepatocytes
(Figure 9). However, although we did not find ZVI
NPs near the hepatocytes in the observed samples,
we cannot exclude their transfer to the bloodstream.

Bioaccumulation in embryos

Bioaccumulation of iron in embryo tissues after
exposure to iron salts and NPs at the nominal con-
centration of 25 mg Fe/L is reported in Figure 10. A
significant increase in iron body intake was
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Figure 5. Histological transversal sections of stage 46 X. laevis embryos at level of abdominal region. Low (A-E) and high magnifi-
cation (F-L) of a control (A and F) and embryos exposed to 25mg Fe/L of FeSO, (B and G), FeCl; (C and H), ZVI NPs (D and I)
and Fes0,4 NPs (E and L). In all treated embryos is appreciable the presence of material in the intestinal loops related to iron salts
(B, C and G, H) and NPs (D, E and |, L). Damages at brush border (black arrow) and yolk platelets accumulation (arrowhead) in
enterocytes are visible. Bars = 100 um (low magnification) and 20 um (high magnification).

Figure 6. Histological transversal sections at abdominal region of stage 46 X. laevis embryos stained with Perl’s protocol. Low
(A-E) and high magnification (F-L) of a control (A and F) and embryos exposed to 25 mg Fe/L of FeSO, (B), FeCl; (C), ZVI NPs (D)
and Fe304 NPs (E). In all treated embryos, the presence of blue material in the intestinal loops related to iron in form of Fe(lll) is
appreciable. In embryos treated with FeCl; (H), ZVI NPs (I) and Fes0, NPs (L), blue staining evidenced that iron adheres to the
brush border (black arrow) Bars = 100 um (low magnification) and 10 um (high magnification).

obtained after treatments, being the iron content
higher in the treated groups compared to the con-
trol group by a minimum of seven folds for FeCls
to a maximum of 150 folds for Fe;04 NPs.

As expected, iron from FeSO, resulted more bio-
available than that from FeCls;, accumulating two
fold more in embryonic tissues. Iron NPs treated

embryos, however, accumulated iron more effi-
ciently than iron salt treated embryos; indeed, 8 (in
ZVI NPs) to 11 (in FesO4 NPs) folds higher than in
FeSO, treated embryos. Iron oxide NPs showed the
highest bioconcentration factor (BCF) which
resulted statistically different from both iron salts
and from ZVI NPs (Figure 10).
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Figure 7. Laser scanning confocal microscopy in reflection mode on histological transversal sections at the level of small intestine
of stage 46 X. laevis embryos. Control (A), and exposed to 25mg Fe/L of ZVI NPs (B) and Fe304 NPs (C) embryos. Figure C is rep-
resentative of an intestinal tract in which the nanoparticles have accumulated in the lumen. In treated embryos, NP reflection is
visible in white color. (*) intestinal lumen; (>) brush border; (<) basement membrane; (+) serous membrane of the abdom-

inal cavity.

Discussion

Different types of iron NPs are under scrutiny to be
used in environmental and biomedical fields for
several purposes. ZVI NPs have been mainly pro-
posed in environmental remediation approaches for
soil and water (Zhao et al. 2016; Li et al. 2017),
while iron oxide NPs are extensively studied in
nanomedicine for MRI and photothermal anticancer
therapy (Kandasamy and Maity 2015; Ansari et al.
2018). Among the most promising applications of
iron NPs, it has been recently suggested the use as
diet supplementation or food fortification against
iron deficiency (Blanco-Rojo and Vaquero 2019).
This latter application may take advantage from the
enhanced capability of iron NPs to be adsorbed by
intestinal epithelial cells (Rohner et al. 2007; Acosta
2009; von Moos et al. 2017), overcoming the poor
bioavailability of low soluble iron compounds and
the remarkable side effects of those soluble in
water and highly bioavailable.

Despite the huge amount of data in literature
reporting attempts to improve iron NPs efficacy,
relatively little is known on the toxic effects in rela-
tion to the modality of bio-nano interaction, in par-
ticular during development. In a review dedicated
to the toxicity of iron oxide NPs, Valdiglesias and
colleagues (Valdiglesias et al. 2015) pointed out the
low number of studies dealing with the develop-
mental toxicity and in general, the controversial
results achieved for the cytotoxic, genotoxic and
neurotoxic effects of iron NPs.

Among the vertebrate developmental models,
zebrafish and Xenopus share similar experimental
advantages regarding their usefulness in organism-
based chemical screening during early development
(Wheeler and Brandli 2009). Although zebrafish
remains the most exploited, Xenopus as a tetrapod
is evolutionarily closer to humans than zebrafish
and allows impact assessment on organs more simi-
lar to their human counterparts than those found in
zebrafish. In the contest of our study, the develop-
ment of a convoluted intestine and the ability to
swallow acquired within 96 h p.f. make the Xenopus
embryos more feasible for evaluating the impact of
particulate material through ingestion.

In previous papers, Xenopus laevis embryos have
been effectively used as experimental model to
screen the comparative toxicity of metal and metal
oxide NPs (Bacchetta et al. 2012; Colombo et al.
2017). It has been demonstrated that different metal
oxides, like CuO, ZnO and TiO, are able to exert vari-
able embryotoxic effects (Bacchetta et al. 2012;
Nations et al. 2011) and that the model is able to pre-
dict the teratogenicity of NMs, as in the case of sur-
face coated Ag NPs (Colombo et al. 2017).
Remarkably, the main target organ for the NMs
studied always resulted to be the intestine. It occurs
only at developmental stages following the stomo-
deum opening, when embryos begin to swallow NP
suspensions (Bonfanti et al. 2015). At that point, ZnO
NPs come in contact with the intestinal epithelium,
where they are adsorbed through different mecha-
nisms, induce oxidative damages and consequent
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Figure 8. Electron microscopy imaging of the X. laevis small intestine. Apical and basal region of enterocytes of a control embryo
(A and B, respectively) and embryos exposed to 25 mg Fe/L of ZVI NPs (C, E, G) or Fes0, NPs (D, F, H). NPs aggregates in treated
embryos are clearly visible near to the microvilli (mv), yolk platelets (yp) and basement membrane (bm).

histological lesions to the intestinal mucosa
(Bacchetta et al. 2014). Together, these evidences
suggest that Xenopus embryos might be profitably
adopted to study the absorption mechanism and

possible toxicity in a developing system of orally
available NMs, like iron NPs that are potentially rele-
vant for environmental or biomedical purposes.
Moreover, it should be considered that Xenopus
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Figure 9. Electron microscopy imaging of the X. laevis liver.
Bile canaliculus (bc) and hepatic sinusoid (hs) of control (A)
and exposed to 25mg Fe/L of Fe30, NPs (B-D) embryos. NPs
aggregates in treated embryos are clearly visible in sinusoidal
space and within hepatocytes (B, C). (D) High magnification
of C.

FeSOy FeCly ZVINPs Fer04 NPs
BCF (mL/g-wet bw) 22 1.1 18.5 24.2

Fe pg/g/g wet bw
g 288 8 § 8

g

s mo

Control FeSO4 FeCl3

=3

ZVINPs FeiOd NPs

Treatment group (25 mg Fe/L)

Figure 10. Total iron concentrations measured by ICP-OES in
stage 46 embryos exposed during FETAX to Fe(ll/ll) salts and
iron NPs at the nominal concentration of 25mg Fe/L, with the
correspondent  bioconcentration factors (BCF). Data are
mean £ SE (n=three replicates per concentration; fifty embryos
per replicate). (BCF, mL/g wet-bw)=iron concentration in
embryos (mg/Kg wet-bw/nominal iron concentration in treat-
ment solutions at 25 mg/L). ) statistically different from con-
trol; ® statistically different from the other iron treatments
(p < 0.05, ANOVA -+ Fisher LSD Method).

embryos represent a valuable model to bridge in
vitro and in vivo studies using mammals, with negli-
gible ethical implications. To confirm this, a study by
Webster and collaborators (Webster et al. 2016)
showed that after exposure to a range of NPs, the
phenotypic score of Xenopus embryos showed a
strong correlation with in vitro cell tests and, in par-
ticular, magnetite cored NPs, negative for toxicity in
vitro and Xenopus, were further confirmed as non-
toxic in mice.

Despite the extensive literature adopting human
cells and mammals to investigate iron NP toxicity
(Valdiglesias et al. 2015; von Moos et al. 2017), only
few papers are based on alternative models. The
effects of different Fe;O; NPs were studied in
Xenopus (Nations et al. 2011; Marin-Barba et al.
2018) and in zebrafish (Zhu, Tian, and Cai 2012),
while the effects of ZVI and FesO4 NPs, in parallel
to Fe bioaccumulation and oxidative stress were
investigated in early life stages of medaka fish
(Chen, Tan, and Wu 2012; Chen, Wu, and Wu 2013).

Considering the very few data available on iron
NPs toxicity in developing vertebrate models and
the promising application of Xenopus embryos in
the study of the bio-nano interactions at the intes-
tinal level, in the present work Fes0, and ZVI NPs
effects have been tested by FETAX, followed by
morphological studies on NP uptake and tissue



translocation. Exposure to iron NPs occurred in par-
allel to FeSO, and FeCl; to verify the toxicity of iron
salts under comparable Fe nominal concentrations.
We considered interesting the comparison between
an oxide iron NP form, mainly applicable in bio-
medical and novel food and feed sectors, with the
most reduced iron NP form, represented by the ZVI,
which finds wide applications in soil and water
remediation technologies, thanks to its high surface
oxidative potential toward organic molecules (Chen,
Wu, and Wu 2013). The two selected iron NPs
showed similar size, shape and behavior in the
FETAX solution with rapid agglomeration in micro-
metric clusters followed by precipitation, a condi-
tion that could frequently occur in the aquatic
environment (Grieger et al. 2010). On the contrary,
they differ in terms of surface charge, being the
FesO4 NPs weakly cationic and the ZVI NPs weakly
anionic. This difference is interesting because it is
well known that electrostatic interaction of cationic
NPs with negatively charged phospholipid head
groups or protein domains on cell surfaces pro-
motes local membrane deformation and NP intern-
alization (Nel et al. 2006; Fleck and Netz 2004).

Our results demonstrate the almost negligible
embryotoxicity of iron NPs in the concentration
range 5-100mg Fe/L, which is however higher than
the relevant environmental concentrations esti-
mated to be in the range 0-5mg Fe/L (Chen, Tan,
and Wu 2012). Both ZVI and Fe30, NPs did not
induce lethality in embryos at any tested concentra-
tions. Only the oxide caused a slight, but significant,
increase in the malformed embryo percentages,
with no concentration-dependent effect. The mal-
formations mainly consisted in gut miscoiling, with
abundant presence of particulate matter in the gut
lumen; according to this result, also Marin-Barba
and colleagues (Marin-Barba et al. 2018) described
an intestinal inflammation as a consequence of the
exposure of Xenopus embryos to high concentra-
tions of Fe,O3; NPs. A more important effect of
Fe,Os NPs was instead shown in zebrafish embryos
with hatching impairment at concentrations higher
than 10mg/L and a 168h LCsq of 53.35mg/L (Zhu,
Tian, and Cai 2012). We believe that the observed
increase in gut miscoiling by iron oxide NPs, albeit
low, is to be related to their higher reactivity with
cellular membranes due to their weak surface cat-
ionic charge evidenced by 2z potential. This
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hypothesis is corroborated by our previous study in
Xenopus embryos where, contrary to negatively
charged Citrate-Ag NPs, cationic charged branched
polyethylenimine-AgNPs  affected  significantly
embryo development inducing irregular intestinal
diverticula (Colombo et al. 2017).

Considering embryonic growth, at all the ZVI and
Fes0, NPs concentrations, our embryos showed a
slight increase in body length. Undoubtedly, our
iron NPs, having a very high PDI that makes them
unstable in suspension, should be functionalized to
be used in the food industry. However, this result is
indicative of a beneficial effect deriving from the
administration of an essential element in nanosized
form, at least up to 100mg Fe/L. Instead, in a
FETAX study by Nations et al (2011), exposure of
the embryos to a high concentration (1000 mg/L) of
iron NPs different from ours (Fe;O3; NPs) resulted in
a significant reduction in the total body length
without recording acute toxicity effects.

Interestingly, contrary to iron NPs, in our study
iron salts resulted severely embryotoxic. A concen-
tration-dependent mortality has been characterized
for both ferrous and ferric ions derived from FeSO,
and FeCl; salts, respectively, with the latter being
the strongest lethal agent as evidenced by 96 h p.f.
LCso (56.10mg/L for FeSO, versus 32.21 mg/L for
FeCls). Similar to the specimens exposed to iron
NPs, gut resulted to be the most affected organ in
iron salts treated embryos. Moreover, iron salts also
affected embryo growth starting from concentration
of 10mg Fe/L, while at 5mg/L an increase in the
body length was observed, suggesting a possible
hormetic effect.

Overall, based on FETAX results, it is clear that
the iron NPs considered in this study are neither
lethal nor teratogenic in Xenopus embryos, in con-
trast to iron salts. This differential impact on
Xenopus development could be derived by the spe-
cific behavior in FETAX solution of the iron species
tested. In particular, the acidification of the FETAX
solution and the formation of aggregates of iron(lll)
oxo-hydroxides that have deposited on the fertiliza-
tion envelope, probably inducing hypoxia, could be
the causes of acute toxicity of iron salts.

A slightly higher acute mortality and sublethal
developmental toxicity of Fe(ll) in comparison to
FesO4 NPs have been observed also by Chen and col-
leagues (Chen, Wu, and Wu 2013) in medaka
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embryos even if at concentrations as high as 200 mg
Fe/L. However, in the same paper the ZVI NPs stabi-
lized in suspension with carboxymethyl cellulose
were the most embryotoxic compared to Fe(ll) and
to the bare FesO4 NPs that settled quickly, probably
due to their greater reactivity in the oxygenated solu-
tion, which caused hypoxia and production of react-
ive oxygen species (Chen, Wu, and Wu 2013).

Surprisingly, the 168 h LCs, for Fe,0O3 NPs found
by Zhu et al. (Zhu, Tian, and Cai 2012) in zebrafish
embryos is comparable to our FeSO, LCso. The
authors hypothesized that the release of metal ions
from the iron oxide NPs is one of the causes to which
this NP embryotoxicity in zebrafish can be attributed.

In light of the above, it can be argued that the low
embryotoxicity of our iron NPs is mainly ascribable to
the NP aggregation followed by a rapid sedimentation
of aggregates in FETAX solution, which determines a
reduction of the surface area with a consequent lower
reactivity and negligible release of metal ions.

However, the uptake of NPs was not affected by
sedimentation because the grazing behavior that
characterize Xenopus embryos after the stomodeum
opening, led to a significant iron NPs ingestion as
evidenced by histological analysis. Although not
entirely absorbed by the epithelial barrier and/or
distributed in the distal organs, iron NPs have been
firmly retained inside the intestine with no obvious
signs of damage to the intestinal epithelium and
organs, such as the liver involved in the accumula-
tion of iron. This finding supports previous studies
in birds and mammals demonstrating the safety of
oral ingested iron based nanomaterials (Rohner
et al. 2007; Chamorro et al. 2015; von Moos et al.
2017). In particular, the development of higher
intestinal villi, a morphological feature typical of
birds fed with an iron-supplemented diet, was dem-
onstrated in growing chickens administered orally
with y-Fe,O3 NPs (Chamorro et al. 2015). Similarly,
iron NPs were detected by Pearl’s staining in duo-
denum of rats fed with FePO, NPs supplemented
diet without histological changes and excess of iron
accumulation in organs (von Moos et al. 2017).
Conversely, shorter and sparser intestinal villi with a
thinner intestinal wall have been evidenced in
medaka fish, but only in larvae exposed for a long
period (7-days) at high concentration of ZVI NPs
(100 mg/L) (Chen, Tan, and Wu 2012).

The persistence of iron NPs in the Xenopus
embryo intestinal tract may have prolonged their
availability for absorption by increasing their bio-
accumulation factor to a greater extent than FeSO,,
known as the reference salt in studies on bioavail-
ability (Blanco-Rojo and Vaquero 2019). Similar BCF
values were obtained for Fes04 NPs in medaka fish
embryos, which showed an easier accumulation of
iron NPs compared to Fe(ll) due to the increasing
exposure of embryos residing on the container bot-
tom to the sedimented particles (Chen, Wu, and Wu
2013). However, in our study, despite a purging of
36 h, the possible small NP residues in the intestinal
lumen, verified by Prussian blue staining in the
histological sections (data not shown), may have
contributed to the large difference in iron content
between embryos treated with NPs and salts.

It is noteworthy that the most evident Fe signal
revealed by histochemistry was found in embryos
exposed to iron NPs, with evident blue staining not
only at the brush border level, but also distributed
in the cytoplasm of the enterocytes. Considering
together NP tracking analyses by confocal and elec-
tron microscopy, supported by the bioconcentration
factors, it appears that iron NPs are efficiently taken
up by intestinal epithelium and in the case of iron
oxide transferred also to hepatocytes. This is con-
sistent with the hypothesis above mentioned of a
higher reactivity of the positive surface charged
FesO4 NPs that makes them more prone to interact
electrostatically with the negatively charged surface
of the outer cell membrane, to be internalized and
translocated to non-target organs.

While the different pathways involved in the
absorption of various iron species in duodenal entero-
cytes are well-documented (Blanco-Rojo and Vaquero
2019), the mechanisms by which iron NPs are internal-
ized are less consolidated since the pathway is condi-
tioned by the physico-chemical properties of NPs such
as size and charge. Considering the size, endocytosis is
the canonical pathway feasible for iron NPs (Perfecto
et al. 2017), while when the permeability of the tight
junctions between enterocytes is increased, NPs less
than 50 nm in diameter pass through the paracellular
route (Jahn et al. 2012). However, based on transport
and TEM studies in Caco-2 cells, a mechanism of diffu-
sion across enterocyte plasma membrane has been
hypothesized for FeO NPs with a neutral hydrophilic
shell (Jahn et al. 2012). By means of



electrophysiological studies, Zanella and colleagues
(Zanella et al. 2017) demonstrated that, unlike ZVI NPs,
positive poorly charged and naked FesO, NPs, the
same we studied here, penetrate through the lipid
bilayer of a model system such as Xenopus laevis
oocytes by simple diffusion. The authors explained
this different behavior speculating a slower rate of
aggregation of Fes04 NPs in comparison to ZVI NPs,
which makes available for the interaction with plasma
membrane an iron oxide sub-micron population.

Differently from Xenopus oocytes, in our experi-
mental model the more complex intestinal environ-
ment (i.e. changes in pH, presence of bacteria, mucins
and other secretions) makes the understanding of the
mechanisms that regulate the passage through the
intestinal barrier more complicated. Although our iron
NPs form large aggregates, from TEM images the NPs
in the cytoplasm of enterocytes do not appear to be
included in vesicles excluding the endocytic pathway.
Therefore, we hypothesize that small clusters of NPs
may originate in the intestinal lumen and diffuse
through enterocytes plasma membrane. Moreover,
also a paracellular route is suggested by the confocal
tracking analysis. However, the mechanisms of iron
NP transport, that are here only speculated, need to
be elucidated with further studies.

Conclusion

In this study, we propose Xenopus laevis embryos as
a model to assess the impact and bio-interaction of
FesO4 and ZVI NPs with respect to Fe(ll) and (lll) salts
by combining the FETAX approach with the morpho-
logical evaluation of the effects on the intestinal bar-
rier. Indeed, during the first 96h p.f. Xenopus
embryos develop a primitive - but morphologically
differentiated - intestine and a grazing behavior lead-
ing to material ingestion. These peculiarities place
them as a model of simple whole organism, ethically
more acceptable than mammals and more complex
than in vitro systems of mono- or co-cultures, for the
primary screening of the NP potential in inducing tis-
sue damage or being internalized by intestinal cells.
We have demonstrated that, unlike ferrous and
ferric ions, FesO, and ZVI NPs are neither embryo-
toxic nor teratogenic and have a slight positive
effect on the embryo growth likely derived from a
higher intake of an essential element. Furthermore,
iron NPs accumulate abundantly after ingestion in
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the intestinal lumen without causing morphological
damage to intestinal epithelium and to other
embryo organs such as liver. Iron NPs were mapped
into enterocytes, along the paracellular spaces, at
the level of the basement membrane of the intes-
tinal epithelium and in the case of iron oxide NPs
also in the liver. The presence of NPs apparently
not included in vesicles in the cytoplasm of entero-
cytes suggests that they can be internalized not by
canonical endocytic pathway but by diffusion of
small NP clusters across the plasma membrane.
Taken together, these results improve our know-
ledge on the safety of the orally ingested iron NPs,
and on their interaction with the intestinal barrier so
far limited mainly to mammals and cell cultures.
Taking into account the limits of the use of unstable
NPs, these data could be useful as a first step in
defining the potential risks associated with the vari-
ous applications of iron NPs, whether they are
applied in environmental remediation or in food/
feed fortification. Since the surface coating is an
important factor affecting the biological interactions
of NPs, further investigations on iron NPs with differ-
ent coatings and characteristics are highly desirable.
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