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Abstract

Zero-valent iron nanoparticles (nZVI) are increasingly used in environmental remediation and explored for biomedical applications; however, their potential neurotoxic
effects and underlying cellular mechanisms remain incompletely understood. In this study, newly synthesized nZVI were physicochemically characterized and evaluated
for cytotoxic effects using primary brain cell cultures derived from adult zebrafish (Danio rerio) as an in vitro model of neurotoxicity. Nanoparticles were characterized by
scanning electron microscopy (SEM), which revealed spherical morphologies with aggregate chain formation, and by X-ray photoelectron spectroscopy (XPS), confirming
the presence of mixed metallic and oxidized iron states at the surface. Primary zebrafish brain cells were exposed to increasing concentrations of nZVI for 48 hours to
assess cell viability, apoptotic cell death, and mitochondrial membrane integrity. Cell viability assays demonstrated a concentration-dependent decrease in metabolic
activity, with a 50% growth inhibition (Gls,) observed at approximately 220 ng/mL. Apoptosis analysis using Annexin V/propidium iodide staining showed limited and non-
significant activation of apoptotic pathways across the tested concentrations. In contrast, mitochondrial membrane damage assays revealed significant, dose-dependent
mitochondrial dysfunction beginning at 188 ng/mL. Together, these findings indicate that nZVI induces cytotoxic effects in primary zebrafish brain cells that are closely
associated with mitochondrial dysfunction and occur largely independent of classical apoptotic cell death. This in vitro model informs the risk assessment and safe
development of iron-based nanomaterials for environmental and biomedical research contexts.

toxicity profiles [9-11]. Despite considerable research on
iron-based nanomaterials, the cellular mechanisms behind

Introduction

Heavy metal exposure has been linked to negative health
effects, including respiratory disorders, cardiovascular
disease, and neurodegenerative conditions [1,2]. At the cellular
level, metal-induced toxicity often involves oxidative stress,
mitochondrial dysfunction, and disrupted redox balance,
especially in neural tissues that are highly vulnerable to iron
buildup and reactive oxygen species production [3,4]. Nanoscale
zero-valent iron nanoparticles (nZVI) are a new class of
materials used for environmental cleanup [5,6]. Additionally,
nZVI have been extensively studied for biomedical applications
because of their high reactivity and magnetic properties [7,8].
However, growing evidence suggests that nZVI can undergo
physicochemical changes in biological environments, such as
aggregation, surface oxidation, and protein corona formation,
which can greatly affect their biological interactions and

their neurotoxic effects in primary neural cell cultures are
still not fully understood, especially regarding mitochondrial
responses and non-apoptotic pathways [12,13]. Most studies
have focused on whole-organism models or non-neural cell
lines, leaving key gaps in our knowledge of mitochondrial
responses, oxidative stress pathways, and non-apoptotic
injury mechanisms caused by nZVI [13-15]. Many studies
promoting nZVI use tend to highlight its benefits, with few
investigating its toxicity mechanisms, uptake, translocation,
or bioaccumulation in organisms, including plants and animals
within ecosystems [16]. Zebrafish (Danio rerio) have become a
valuable model in toxicology research because of their genetic
similarity to humans, well-understood nervous system, and
suitability for both in vivo and in vitro studies [17-19]. Primary
zebrafish brain cell cultures offer a biologically relevant
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platform for mechanistic neurotoxicity testing while enabling
controlled exposure and direct evaluation of cellular responses
[20-22]. They are an excellent model for conducting in vitro
experiments and developmental toxicology studies, helping us
understand the mechanisms behind various human conditions.
According to a study by the Sanger Institute in the United
Kingdom, sequencing the zebrafish genome shows a high level
of conservation with humans, with about 70% of their protein-
coding genes and 84% homology [17].

Accordingly, this study aimed to (i) characterize newly
synthesized zero-valent iron nanoparticles using scanning
electron microscopy and X-ray photoelectron spectroscopy,
and (ii) evaluate their cytotoxic effects in primary zebrafish
brain cell cultures by quantifying dose-dependent changes in
cell viability, apoptotic signaling, and mitochondrial membrane
integrity following 48 hours of exposure. However, the cellular
mechanisms underlying nZVI-induced neurotoxicity in primary
zebrafish brain cells remain insufficiently characterized.

Materials and methods
Synthesis of zero-valent iron nanoparticles

Zero-valent iron nanoparticles (nZVI) were synthesized
by reducing ferric chloride hexahydrate (FeCl,-6H,0) with
sodium borohydride (NaBH 4). A0.6 M FeC13-6H20 solution was
prepared using an ethanol (83%v/v)—Nanopure water mixture;
the supplementary protocol specifies 30 mL of ethanol but does
not establish an unambiguous final solution volume. The iron
precursor solution was purged with nitrogen for 30 minutes.
Under a nitrogen atmosphere, 100 mL of 0.8 M aqueous NaBH,
was added. The reaction mixture was stirred magnetically
at 700 rpm for 30 minutes. The solid was recovered by
vacuum filtration through a 0.22 pm Millipore membrane at
approximately 25 °C, washed three times with 99.5% absolute
ethanol, and immediately transferred to a vacuum desiccator.
For cell exposures, 0.003 mg of recovered nZVI was dispersed
in 1 mL of dimethyl sulfoxide (DMSO), producing a nominal
3 pg/mL suspension. These concentrations represent nominal
added nZVI mass; nanoparticle aggregation, dissolved iron,
and delivered cellular dose were not measured (Figure 1).

2Fe>* +6 BH,” +18 H0~>2 Feo(s) + 6 B(OH)3 +21H,

Zebrafish husbandry and primary brain cell culture pre-
paration

Adult zebrafish (Danio rerio) were obtained from Caribe
Fisheries Inc., a tropical aquaculture farm in Lajas, Puerto
Rico, and transported to the ChEMTox Laboratory at UAGM-
Cupey. Upon arrival, fish were acclimated to a tank containing
5 L of distilled water and 5 L of tap water in a 20 L aquarium.
The transport bag was placed in the tank for 15 minutes before
the fish were released. Water temperature was maintained
at 26 °C, water was changed every two weeks, and fish were
maintained for at least 24 hours before experimentation.
Euthanasia procedures followed the American Veterinary
Medical Association’s 2013 Guidelines for the Euthanasia of
Animals; ARRIVE reporting principles were also considered.

Primary brain cell cultures were prepared from adult
zebrafish using a dissection protocol adapted from Carrasquillo
et al. (2021) (Figure 2). Fish were immersed in cold water to
reduce mobility and immediately decapitated on a chilled
dissection surface. Heads were immersed briefly (2—5 seconds)
in 75% ethanol, and brains were isolated in dissection
medium. The supplementary protocol describes DMEM/F12
supplemented with penicillin/streptomycin for dissection and
subsequent transfer of isolated brains to Neurobasal medium
supplemented with Primocin (10 pL per 5 mL Neurobasal).
Brain tissue was mechanically dissociated to obtain primary
cell cultures. Cultures were allowed to stabilize for 24 hours
before nanoparticle exposure. For the PrestoBlue assay, cells
were cultured in 96-well plates with 200 pL of Neurobasal
medium per well. For toxicity assessment, primary neural cells
were exposed to increasing concentrations of nZVI (0-375 ng/
mL) for 48 hours.

This procedure protects the brain from infection, maintains
its functional and structural viability, and prepares it for more
advanced studies (Figure 3).

Figure 1: Schematic representation of zero-valent iron nanoparticles synthesis.
Aqueous  FeCL,.6H,0 solution (0.6M) is reduced by dropwise addition of
NaBH,(0.8M) under constant stirring. The resulting black precipitate (nZVI) is
collected by vacuum filtration, washed, and stored in a desiccator to prevent
oxidation.

Figure 2: Workflow for zebrafish brain dissection and processing.
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Figure 3: Image of the brain extracted from zebrafish by dissection (left) and

schematic representation of the main brain regions (right).
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Measures of variables

Nanoparticle characterization was performed using
scanning electron microscopy (SEM) to assess particle
morphology and aggregation behavior, and X-ray photoelectron
spectroscopy (XPS) to determine surface chemical composition
and oxidation states. Cell viability was evaluated using the
PrestoBlue metabolic assay after 48 hours of exposure, with
fluorescence intensity used as an indicator of cellular metabolic
activity. Apoptotic cell death was assessed using Annexin V and
propidium iodide staining, which allowed for the identification
of apoptotic and non-apoptotic cell populations. Mitochondrial
membrane integrity was evaluated using the ToxGlo™
mitochondrial toxicity assay as an indicator of mitochondrial
dysfunction.

Data analysis procedure

All experiments were conducted in triplicate. Fluorescence
data were collected using a FLUOstar OMEGA microplate reader.

The Gl value was calculated using nonlinear dose—
response curve fitting. Statistical significance was assessed
using one-way analysis of variance (ANOVA) with multiple
comparisons, performed using GraphPad Prism (version 9).
Statistical significance was set at p < 0.05.

Results and discussion
Characterization of nZVI particles

Characterization of zero-valent iron nanoparticles is
essential for understanding their reaction mechanism and
kinetics. The transport, distribution, and fate of nanoparticles
in the environment and within organisms also depend on these
surface properties.

Scanning electron microscopy (SEM) was employed to
examine the morphology and aggregation behavior of the
synthesized zero-valent iron nanoparticles. SEM images were
collected at a magnification of 43,000x with an accelerating
voltage of 30.0 kV under high-vacuum conditions. Samples
were analyzed in the dry state without dispersion in liquid
media. Figure 4 shows the obtained micrographs that reveal
nanoscale primary particles forming larger aggregated and
chain-like structures, a characteristic feature of iron-based
nanoparticles driven by magnetic interactions [23,24]. Particle
size estimation was based on direct measurements of clearly
resolved primary particles using the scale bar provided in the
micrographs. SEM images revealed that the synthesized nZVI
exhibit predominantly spherical primary particle morphologies
with a strong tendency to form aggregated chain-like structures
[25,26]. Particle size estimates were derived from direct
measurements of clearly resolved primary particles in SEM
micrographs under dry conditions; however, no hydrodynamic
diameter or zeta potential measurements were performed,
which represents a limitation of this characterization
approach. While primary particle dimensions fall within the
nanoscale range, aggregation results in the formation of larger
secondary structures. The aggregation behavior observed
by SEM reflects the intrinsic magnetic interactions of zero-

valent iron nanoparticles and is consistent with previous
reports describing nanoscale iron particle assembly and
surface oxidation [24,25]. In biological environments, such
physicochemical transformations, including protein corona
formation, can substantially modify nanoparticle bioavailability
and toxicity, underscoring the importance of contextualizing
in vitro findings within dynamic exposure conditions.

Nanoparticles were also characterized using X-ray
photoelectron spectroscopy (XPS). XPS binding energy spectra
were obtained using a PHI spectrometer equipped with an Al Ko
mono- and polychromatic X-ray source operating at 15 kV, 350
W, andapassenergyof58.70eV. Allthebinding energies reported
were corrected, fixing the carbon 1s peak (C 1s) at 284.5 eV. XPS
was used to characterize the surface chemical composition and
oxidation states of the synthesized nZVI. Deconvolution of the
Fe 2ps/» spectrum revealed a dominant peak at approximately
711 eV, characteristic of ferric iron (Fe*'), along with a lower
binding energy component near 707 eV corresponding to
metallic iron (Fe°) (Figure 5). This indicates partial surface
oxidation of the nanoparticles while preserving a metallic iron
core. Analysis of the O 1s region revealed multiple components
at binding energies of approximately 529.9 eV, 531.2 eV, and
532.5 eV, consistent with lattice oxygen (0*), hydroxyl groups
(OH"), and adsorbed water species, respectively (Figure 6). The
relative peak area ratios suggest that the surface oxide layer
is composed primarily of iron oxides and oxyhydroxides. The
coexistence of metallic iron (Fe°) and oxidized iron species at
the nanoparticle surface is relevant to their redox reactivity and
may influence biological interactions through iron ion release

Figure 4: Characterization of nanoparticles of Fe°by SEM at 43,000 X Figure 5: XPS
signal deconvolution, Iron - first approximation.
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Figure 5: XPS singnal deconvolution, Iron-first approximation.
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Figure 6: XPS spectrum wide window for different peaks in a sample of nZVI.

and oxidative processes, potentially contributing to the cellular
responses observed in subsequent toxicity assays [27-29].
This study presents an integrated evaluation of the neurotoxic
effects of zero-valent iron nanoparticles in primary zebrafish
brain cells, combining physicochemical characterization
with functional cellular assays. By jointly assessing viability,
apoptotic activation, and mitochondrial integrity, the present
work identifies mitochondrial dysfunction as an early and
central event in nZVI-induced cytotoxicity. Previous studies
on iron-based nanoparticles have predominantly focused
on whole-organism models, environmental remediation
contexts, or cancer cell lines, often emphasizing oxidative
stress and apoptotic outcomes [30,31]. In contrast, the present
study employs primary neural cultures derived from adult
zebrafish, a biologically relevant in vitro model that preserves
key neuronal characteristics while allowing controlled
mechanistic interrogation [20,21]. The observed dissociation
between mitochondrial dysfunction and apoptotic activation
adds to growing evidence that iron-mediated neurotoxicity
may proceed through non-apoptotic mechanisms, particularly
under conditions of direct cellular exposure [32,33]. Compared
to previous whole-organism zebrafish studies, this in vitro
neural model isolates direct cellular responses to iron exposure
[18,19)

A summary of the key physicochemical and biological
findings, together with their proposed mechanistic
interpretation, is provided in Table 1. Taken together, the
physicochemical characterization and cellular assays reveal
a consistent pattern in which nZVI surface properties,
mitochondrial dysfunction, and loss of metabolic activity are
closely linked.

Gl,, determination

The GI,  value was determined by analyzing data with the
MARS software on the FLUOstar OMEGA reader, using optical
curve fitting to calculate the effective dose that inhibits cell
growth by 50%. Figure 7 shows the dose-dependent effects
of iron nanoparticles on primary zebrafish brain cells after 48
hours of exposure.

The control group (2.5 pL), composed of Neurobasal
medium and brain cells without exposure to nanoparticles,

maintained 100% viability, with no signs of growth inhibition
[13,20]. Exposure of primary zebrafish brain cells to increasing
concentrations of nZVI resulted in a dose-dependent reduction
in metabolic activity, with a calculated GIs» of approximately
220 ng/mL. Similar concentration-dependent cytotoxic
effects of iron-based nanoparticles have been attributed to
mechanisms involving the generation of reactive oxygen
species, mitochondrial impairment, and disruption of
intracellular iron homeostasis [3,12,13,31]. These results are
fundamental, since they confirm that the basal conditions of
the assay do not induce toxicity or affect cell proliferation,
which is consistent with studies that have established that
the conditions of the culture medium critically influence
the stabilization of the primary culture model [20,21]. In
subsequent columns, corresponding to exposures to low
concentrations of nanoparticles, an increase in cell viability
was observed (2100%). This phenomenon may be attributed
to a possible adaptive or proliferative response induced by
nanoparticles at sub-cytotoxic concentrations. Such behavior
has been documented in other biological models, where mild
exposure to metal nanoparticles stimulates signaling pathways
associated with proliferation [16]. Starting at a dose of 17.5 uL,
a progressive decrease in cell viability was observed, indicative
of growth inhibition. At this dose, the concentration of nZVvI
is 0.0525 pg. This point represents a threshold of toxicity and
suggests a dose-dependent effect of nanoparticles on brain
cells [13-15].

Figure 8 shows the cell growth inhibition curve along
with the interpretation of the data obtained. The dashed

Table 1: Summary of key findings and mechanistic interpretation.

Experimental
P X Key observation Mechanistic interpretation
endpoint

SEM Spherical primary nZVI Nanoscale morphology with magnetic-
characterization with aggregation driven aggregation typical of nZVI
Mixed Fe® / Fe(lll) Partial surface oxidation and iron

XPS analysis .
surface states reactivity
Dose-dependent metabolic
Cell viability (Glsp) ~220 ng/mL after 48 h Ap )
impairment
Apoptosis No significant apoptotic  Apoptosis is not the primary death
(Annexin V) activation pathway
Mitochondrial Significant damage Early mitochondrial stress preceding
damage from 188 ng/mL loss of viability
Growth Inhibition of NP's on Zebrafish
Primary Brain Cells at 48hrs
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Figure 7: Cell viability of primary zebrafish brain cells exposed to nZVI for 48 hours
n = 3 independent experiments). In vitro dose-response assessment was conducted

using the PrestoBlue assay.
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red line indicates the GI50 point, which helps visualize the
concentration at which the nanoparticles begin to have a
significant cytotoxic effect. Several studies have shown that
iron nanoparticles, at high concentrations, can induce neuronal
toxicity through mechanisms such as the generation of reactive
oxygen species (ROS), mitochondrial damage, and disruption
of iron homeostasis, processes that can culminate in multiple
forms of cell injury and death, depending on cellular context
[13,14,31]. The reduction in cell viability observed at higher nZVI
concentrations reflects a loss of metabolic activity rather than
selective activation of programmed cell death pathways. The
PrestoBlue assay primarily measures mitochondrial metabolic
function; therefore, decreases in signal intensity are indicative
of impaired cellular respiration and redox activity [13,26]. This
interpretation is supported by the mitochondrial membrane
damage detected at lower concentrations, suggesting that
mitochondrial dysfunction precedes overt loss of cell viability
(13,14,31].

Apoptosis-annexin V assay

Figure 9 depicts the apoptotic response of primary Danio
rerio brain cells after 48 hours of exposure to different
concentrations of iron nanoparticles. For this study, the
percentage of apoptotic cells was compared with a negative
control (without treatment) and a positive control treated with
cisplatin, a chemotherapeutic agent known to induce apoptosis
(17,27].
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Figure 8: Growth inhibition of zebrafish primary brain cells after 48 hours’ exposure
to increasing concentrations of iron nanoparticles.
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Figure 9: Apoptosis Induction on Zebrafish Primary Brain Cells Treated with NPs at

48 hrs. Cells were stained with Annexin V-FITC and Propidium lodide (PI) following
the manufacturer’s protocol (Sigma Millopore, APOPAF-20TST).

The results show that apoptosis, as the mechanism of cell
death at the tested nanoparticle concentrations (220 ng/mL),
is not significantly involved. Even at high concentrations of
nZVI in comparison to the cisplatin-treated group, apoptosis
induction was not highly activated, suggesting that apoptosis
is not the primary mechanism of toxic action of nZVI. These
results are consistent with studies that have shown that these
metallic nanoparticles can generate cytotoxicity without
triggering apoptotic pathways [13,14]. Although some apoptosis
induction was clearly observed, the one-way ANOVA with
multiple comparisons analysis determined a non-statistically
significant difference in comparison with the negative control
(cells and DMSO).

Despite the observed decline in viability, Annexin V/
propidium iodide staining did not reveal a statistically
significant increase in apoptotic cell death across the tested
concentrations. This dissociation indicates that apoptosis is not
the dominant mechanism driving nZVI-induced cytotoxicity
in primary zebrafish brain cells. Similar patterns have been
reported for metal-based nanoparticles, where mitochondrial
impairment and metabolic collapse occur independently of
classical apoptotic signaling. These findings are consistent
with previous reports describing metal-induced cytotoxicity
in neural cells that occurs independently of classical apoptotic
activation [3,13,31]. The apparent discrepancy between reduced
metabolic viability and limited apoptotic activation can be
explained by the distinct biological endpoints measured by each
assay. The PrestoBlue assay primarily reflects mitochondrial
metabolic activity, whereas Annexin V staining detects
phosphatidylserine externalization associated with late-stage
apoptosis.

Mitochondrial membrane damage

Mitochondrial membrane damage was detected at nZvI
concentrations lower than those associated with significant
loss of viability, indicating that mitochondrial dysfunction
represents an early cellular response to nanoparticle exposure
[13,14). Mitochondrial impairment is a well-recognized
indicator of iron-associated cellular stress and can precede
multiple forms of regulated or non-regulated cell death,
particularly in neural cells with high metabolic demand
[3,13,33]. Using the ToxGlo™ assay, mitochondrial membrane
integrity was evaluated in zebrafish primary neural cells. The
cells were treated with a negative control (DMSO), a positive
control (Cisplatin), and experimental nanoparticles in a white
96-well plate, with approximately 40,000 cells per well [17,26].
As shown in Figure 10, mitochondrial damage can clearly be
observed starting at 188 ng/mL of nZVI.

These results demonstrate that nZVI causes mitochondrial
stress in a dose-dependent manner. This mitochondrial
damage occurs without a corresponding apoptotic response, as
shown in Figure 9 [13,14]. These results demonstrate that nZVI
exposure induces significant mitochondrial membrane damage
in primary zebrafish brain cells at concentrations lower than
those required to elicit marked loss of viability. Importantly,
this mitochondrial dysfunction occurs in the absence of
statistically significant apoptotic activation, indicating that
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Figure 10: Mitochondrial membrane damage in zebrafish primary brain cells

exposed to increasing concentrations of iron nanoparticles for 48 h.

classical apoptosis is not the primary mechanism underlying
nZVI-induced cytotoxicity in this mode [3,13,31]. The early
onset of mitochondrial membrane damage at concentrations
below the Gl supports the notion that mitochondrial stress
represents a primary cellular target of nZVI exposure [13,14].
Mitochondrial dysfunction can lead to energy failure, redox
imbalance, and impaired cellular homeostasis without
immediate activation of apoptotic pathways [3,12,13]. These
findings provide a mechanistic explanation for the apparent
discrepancy between viability loss and limited apoptotic
activation observed in this study. Mitochondrial impairment
is a well-recognized early indicator of iron-associated cellular
stress and may precede multiple forms of regulated or non-
regulated cell death [3,13,33,34]. Therefore, the observed
effects are best interpreted as evidence of mitochondrial
stress and iron-mediated cytotoxicity rather than definitive
activation of a specific regulated cell death pathway. Although
some apoptosis induction was observed, the one-way ANOVA
with multiple comparisons analysis determined a non-
statistically significant difference in comparison with the
negative control (cells and DMSO). The dissociation observed
between mitochondrial damage and apoptotic activation
represents a key finding of this study. The reduction in
PrestoBlue signal observed following nZVI exposure indicates a
decrease in cellular metabolic activity under the experimental
conditions. Because PrestoBlue is based on metabolic
reduction, these findings should not be interpreted exclusively
as a direct measurement of cell proliferation or cell death.
The mitochondrial toxicity results provide complementary
evidence of cellular dysfunction. However, the relationship
between these endpoints cannot establish a temporal sequence
of events because the measurements were evaluated following
the same exposure period.

Similar patterns have been reported for iron-based
nanomaterials, where mitochondrial dysfunction and
metabolic collapse occur independently of classical apoptosis,
particularly under conditions of iron overload or oxidative
imbalanc e [3,13,31]. In such contexts, mitochondrial injury
may reflect early cellular stress responses that precede or
coexist with non-apoptotic modes of cell death [3,13,32].

Although ferroptosis has been increasingly recognized as
an iron-dependent form of regulated cell death, confirmation

of this pathway requires direct measurement of canonical
markers such as lipid peroxidation and GPX4 activity [29-
31]. In the absence of such measurements, ferroptosis is
discussed here as a biologically plausible hypothesis rather
than a demonstrated mechanism. Future studies incorporating
these endpoints, as well as pharmacological modulation using
pathway-specific inhibitors, will be necessary to delineate the
molecular mechanisms linking nZVI exposure to mitochondrial
dysfunction and loss of cellular viability. Taken together, the
combined analysis of viability, apoptosis, and mitochondrial
integrity reveals a consistent mechanistic pattern in which
mitochondrial dysfunction emerges as an early and central
event in nZVI-induced cytotoxicity. The absence of significant
apoptotic activation despite reduced viability underscores the
importance of non-apoptotic mechanisms in iron nanoparticle
neurotoxicity. This observation aligns with previous studies
reporting mitochondrial-driven toxicity and metabolic failure
as primary responses to iron overload and nanoparticle
exposure [3,13,31]. This study relies on an in vitro exposure
model, which cannot fully replicate the complexity of in vivo
systems, including blood-brain barrier dynamics, systemic
metabolism, and immune responses [18,19].

Several limitations should be considered when interpreting
these findings. Nanoparticle aggregation, sedimentation,
and colloidal stability were not directly characterized in the
cell exposure medium. Therefore, the nominal exposure
concentrations may not fully represent the amount of
nanoparticle material reaching the cultured cells. In addition,
dissolved iron was not independently quantified during
exposure, preventing a definitive distinction between effects
associated with particulate nZVI and those potentially related
to released iron species. These factors should be addressed in
future studies to improve the characterization of nanoparticle
exposure and the interpretation of neurotoxic responses.
Additionally, the exposure concentrations employed represent
an acute scenario and may not reflect environmentally relevant
or chronic exposure conditions. These limitations are inherent
to in vitro toxicology models and should be considered when
extrapolating results to whole organisms.

Conclusion

This study employed an in vitro exposure model using
primary brain cell cultures derived from adult zebrafish
(Danio rerio) to investigate the neurotoxic potential of newly
synthesized zero-valent iron nanoparticles. Direct exposure
to nZVI resulted in a concentration-dependent reduction in
cell viability, with limited activation of apoptotic pathways
even at cytotoxic concentrations. In contrast, mitochondrial
membrane integrity assays revealed significant mitochondrial
dysfunction at lower concentrations than those associated
with overt loss of viability, indicating that mitochondrial
stress represents a key early cellular response to nZVI
exposure. The observed dissociation between mitochondrial
damage and apoptotic activation suggests that nZVI-induced
cytotoxicity in this model is not primarily mediated by classical
apoptosis, but rather involves mitochondrial impairment and
iron-associated cellular stress mechanisms. While processes
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such as oxidative damage or iron-dependent regulated cell
death pathways may contribute to these effects, additional
targeted studies are required to define the precise molecular
mechanisms involved. Although the direct exposure conditions
used here do not replicate the complexity of in vivo systems,
this primary neural cell model provides valuable mechanistic
insight into the neurotoxic responses elicited by iron-based
nanomaterials. These findings support the utility of zebrafish-
derived neural cultures as a screening platform for evaluating
potential neurotoxicity and informing the safe development
and application of iron-containing nanoparticles.
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