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Abstract: Superparamagnetic iron oxide
nanoparticles (SPION), clinically approved
metal oxide nanoparticles, hold immense
potential in the biomedical field. The
understanding of their impact on living
systems at the cellular and molecular levels
is essencial for SPION efficacy and safety.
To investigate the biological impact of well-
characterized SPION at different doses (10 to
100ug/ml), we carried out experiments using
potential target cells, hepatocytes (HepG2), to
evaluate cell viability by MTT, Neutral Red and
Trypan Blue assays and intracellular uptake of
SPION by transmission electron microscopy.
Gene expression profile and miRNA analysis
were also explored. Reactive oxygen species
(ROS) were evaluated using flow cytometry.
Results show that SPION, even at the lowest
dose, decrease cell viability assessed by MTT
after 48h and induce overexpression of genes
related to antioxidant pathways after 72h
exposure, without changes in the miRNA
expression. The significant increase in ROS
production observed in doses equal to or
higher than 21pg/ml of SPION is correlated
with cell morphology changes induced by
oxidative stress. Possibly, the increase in ROS
levelsleads to a modulation in the expression of
oxidative stress genes in an attempt to maintain
the normal redox state of cells, disregulated
by SPION exposure. In a time-dependent
manner, SPION accumulates inside vesicles
in the cytoplasm and in the cell membrane
surface. Our data confirm the oxidative
stress as a mechanism of cellular toxicity
triggered by SPION and also contribute to the
understanding of the molecular mechanisms
involved in cell response due to the SPION
stimuli at low doses.
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INTRODUCTION

Nanotechnology and engineered nanoma-
terials production have stimulated massive
investments worldwide, becoming a large pre-
sence in everyday life (Murphy et al, 2015).
By 2025, it’s expected that the global value in
nanotech products ranging from pharmaceu-
tics, industrial and food components to elec-
tronic industry elements and fine chemistry
compounds will reach 350 billion dollars (Al-
balawi, 2021). More than 10000 tons of diffe-
rent engineered nanomaterials are produced
or used every year worldwide, with Fe, Si,
Ti, Zn, Al and Ce-oxides, Ag, quantum dots
(QDs), CNT, and fullerenes being the most
common nanoscale materials produced. For
iron-containing nanomaterials specifically, it
is estimated that more than 100 tons are pro-
duced worldwide per year (Piccinno et al.,
2012).

The wunique properties such as
superparamagnetism, high surface area and
easy separation under external magnetic fields
(Soenen and Cuyper, 2010, Dragar et al, 2021,
Meng et al., 2024) give superparamagnetic
iron oxide nanoparticles (SPION) immense
potential for a large variety of biomedical
applications. Among these applications,
drug and gene delivery, tissue engineering,
food analysis, phototermal therapy and cell
isolation should be mentioned as the most
important. Furthermore, SPION are the only
clinically approved metal oxide nanoparticles
for using in magnetic resonance imaging
(MRI), as a contrast agent (Singh et al., 2010,
Wahajuddin and Arora, 2012, Xu et al., 2014,
Peng et al., 2015, Wei et al., 2021, Chen et
al, 2022)for example, magnetic resonance
imaging, targeted delivery of drugs or genes,
and in hyperthermia. Although, the potential
benefits of SPION are considerable, there is a
distinct need to identify any potential cellular
damage associated with these nanoparticles.
Besides focussing on cytotoxicity, the most
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commonly used determinant of toxicity as a
result of exposure to SPION, this review also
mentions the importance of studying the subtle
cellular alterations in the form of DNA damage
and oxidative stress. We review current studies
and discuss how SPION, with or without
different surface coating, may cause cellular
perturbations including modulation of actin
cytoskeleton, alteration in gene expression
profiles, disturbance in iron homeostasis and
altered cellular responses such as activation
of signalling pathways and impairment of
cell cycle regulation. The importance of
protein-SPION interaction and various safety
considerations relating to SPION exposure
are also addressed. Keywords: SPION;
cellular stress; cytotoxicity; DNA damage
(Published: 21 September 2010. Overall, its
predicted that SPION are associated with low
toxicity in the human body (Al Faraj et al,
2014, Malhotra et al. 2020, Vakili-Ghartavol
et al. 2020, Ranjbary et al., 2023). However,
results remain controversial in the literature
considering the difficulty to predict their
potential toxic impact on the interaction with
biological systems.

The great potential of SPION in biomedical
applications has also highlighted their
potential risks. Some studies focused on risk
evaluation have shown that metal oxide NPs
exposure can be dangerous and represent a
real risk to humans and to the environment
as well (Liu et al., 2013, Llop et al., 2014).
According to in vitro and in vivo studies,
SPION toxicity is usually based on dose-
related and size-dependent effects. At high
concentrations, smaller-sized NPs presented
the highest risk to cause cytotoxicity (Kai
et al., 2011, Mahmoudi et al,, 2011, Zhu et
al., 2011). In in vitro assays in the presence
of SPION with 5 and 20-40nm diameter
showed non-toxic effects in the range of 0.1-
100ug/ml in opposition to cytotoxic effects
at concentrations greater than 100pg/ml in
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lung adenocarcinoma, glia and breast cancer
cells (Karlsson et al., 2008, Ankamwar et al.,
2010, Singh et al., 2010, Ranjbary et al., 2023).
However, besides the size, the cytotoxicity
effects are also shape-, NP surface chemistry-
and cell type-dependent (Kozissnik and
Dobson, 2013). Another important point
to be considered on the measurement of
nanoparticles toxicity is the selection of cells
that represent the organs targeted by a specific
nanoparticle. Considering SPION, it is known
that liver is the main organ of distribution
and accumulation of this NP in the body,
being hepatocytes potential targets (Ling and
Hyeon, 2013, Llop et al., 2014, Silva et al.,
2016, Vakili-Ghartavol et al. 2020).

Molecular mechanisms induced by SPION
represent an important issue for the evaluation
of their toxicity, though they remain poorly
understood. An effective approach not widely
explored to determine the cellular response
to SPION stimuli is the evaluation of gene
expression changes. Gene expression profiles
are important tools to provide data that could
help to understand molecular underlying
basis and mechanisms among genes (Asyali
et al,, 2006). Recent studies have reported
that iron oxide nanoparticles have induced
significant alterations in the gene expression
levels in different cells and tissues, such as
up-regulation of caspase-3 and caspase-9
genes in A549 cells (Ahamed et al, 2013),
overexpression of CCL-17 and IL-10 in
mice's lung (Al Faraj et al., 2014), rise in the
mRNA levels of genes involved in stress and
toxicity pathways in vitro (Hep3B and HT-29
cells) and in vivo (mice liver tissue) (Hwang
et al., 2012, Ranjbary et al., 2023), and down-
regulation of genes related to oxidative stress
and metabolic processes in mice liver as well
(Yang et al. 2015, Wei et al., 2021). Besides the
mRNA levels evaluation, the miRNAs analysis
are also relevant since these small non-coding
RNAs can regulate gene expression at the
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post-transcriptional level, being essencial to
the regulation of several important biological
processes such as cell survival, growth,
differentiation and death (Tomankova et
al., 2010, Wang, 2010, Yokoi and Nakajima,
2011, Tan Gana et al, 2012). Because of
these regulatory roles, the aberrant miRNA
expression has been implicated in several
diseases, including cancer. The miRNAs meet
many of the ideal biomarker criteria of high
specificity, sensitivity, and accuracy, making
them potential biomarkers for toxicity and
disease (Fu et al., 2011). Recently, two studies
exploring the analysis of SPION toxicity by
SOLiD sequencing-based miRNA expression
profiling have demonstrated alterations in
some miRNAs expression levels in NIH/3T3
cells and PC12 cells (Li et al., 2011, Sun et al.,
2015). Therefore, the purpose of the present
study was to evaluate the impact of SPION
on liver cells using a range of doses (10 to
100pg/ml) considered non-toxic for other
cells by exploring the cellular and molecular
mechanisms involved in SPION exposure.

METHODS

SUPERPARAMAGNETIC IRON
OXIDE NANOPARTICLES (SPION)

SPION (Fe,O,) of 5nm (4-6nm by TEM)
were purchased from Sigma-Aldrich (Saint
Louis, MO, USA) as aqueous, dark brown
dispersions, stabilized by <1% of PEG
(product number: 725331; lot: MKBJ6706V).

CHARACTERIZATION OF SPION

The mean average size in high-purity
water was determined by transmission
electron microscopy (TEM) on a Tecnai”™
Spirit Microscope (FEI Company, OR, USA)
operating at 120 kV, by counting 349 random
particles. The zeta potentialand hydrodynamic
diameter of SPION were measured using a
Zetasizer Nano ZS (Malvern Instruments,
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Malvern, UK). These measurements were
performed immediately after the dilution of
five NPs concentrations used in this study
(21, 31, 46, 68 and 100pg/mL) in high-
purity water and also in DMEM (Dulbecco’s
modified Eagles media) with 5% FBS. The
lowest concentrations (10 and 14 pg/mL)
could not to be measured since polydisperse
solutions were observed, resulting in a poor
quality data. All solutions were measured at
pH around 7.0 to 7.5.

CELL CULTURE

HepG2 cells were provided by BCR] (Rio
de Janeiro Cell Bank, Brazil) and maintained
in DMEM media, without antibiotics,
supplemented with 10% fetal bovine serum
(EBS). Cells were incubated at 37°Cin 5% CO,
air-humidified atmosphere and were passaged
as needed using 0.125% trypsin-EDTA. The
cell culture reagents were purchased from Life
Technologies, USA. The HepG2 authenticity
was determined in our laboratory via DNA
fingerprinting (StemkElite™ ID System -
Promega, USA). Mycoplasma contamination
screening using LookOut® Mycoplasma PCR
Detection Kit (Sigma-Aldich - Saint Louis,
MO, USA) and MycoAlert™ Mycoplasma
Detection (Lonza - Basel, SUI) were
performed before each experiment and were
Mpycoplasma-tree.

CELL EXPOSURE

Seven different concentrations of NPs
(10, 14, 21, 31, 46, 68, 100 ug/mL) were
suspended in DMEM with 5% FBS just
before addition to HepG2 cells. The culture
media was replaced by DMEM with 5% FBS
containing different concentrations of SPION
24 hours after plating the cells. The lowest and
highest concentrations tested correspond to
7 and 72 ugFe/ml, respectively. Exposure was
performed with 80% confluent cells. Non-
treated cells were used as control.
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CYTOTOXICITY ASSAYS

Cell viability was determined by the
MTT, Neutral Red (NR) uptake and Trypan
blue assays, according to the manufacturer’s
instructions. HepG2 cells were plated into
96-well plates (10,000 cells per well) for MTT
reduction and Neutral Red (NR) uptake
assays and 20,000 cells per well into 24-well
plates for the Trypan blue assay. After 24h, the
cell culture media was replaced by the media
containing the range of SPION. DMEM
with 5% FBS with or without SDS (Sodium
Dodecyl Sulfate, 32pg/mL) represented the
positive and negative controls, respectively.
After NP exposure, cells were incubated
for 24, 48 and 72h. Then, cells were washed
with PBS following the protocol proposed
Guadagnini et al. (2013) to avoid/minimize
the effects of NP on cytotoxicity assessments.
All experiments were carried out in biological
triplicates, with six technical replicates each.

After each incubation time, the MTT assay
(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide, Sigma-Aldrich,
MO, USA) was performed by adding 100 puL
of MTT reagent (0.45mg/mL in PBS) to each
well followed by 2h incubation. Then, 100
nL of DMSO solution was used to solubilize
the formazan crystals. Also, to check some
possible interference of NP with the MTT
assay, three replicates of the reaction product
MTT-formazan obtained from the incubation
of HepG2 cells with MTT reagent were mixture
with different concentrations of SPION based
on Kroll et al. (2012) and Guadagnini et al.
(2013) protocols. The solutions were measured
in a microplate reader at 540nm (Synergy
Biotek Instruments, VT, USA) and compared
with no NP addition solutions (blanks).

The NR uptake assay was performed using
Neutral Red-based kit (Sigma-Aldrich, USA)
by adding 50ug/mL of NR dye in each well.
After 2h incubation at 37°C, the dye was
extracted and the uptake was quantified. For
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both assays, MTT and NR, the optical density
at 540nm (reference at 690nm) was measured
in a microplate reader (Synergy Biotek
Instruments, VT, USA).

For the Trypan blue assay, cells exposed to
different NPs concentrations were trypsinized.
Ten microliters (10uL) of the suspensions
obtained were mixed with 10 pL of trypan
blue (0.4%, Invitrogen, MA USA) and
counted automatically using the Countess®
Automated Cell Counter (Invitrogen, MA,
USA). Cell viability was expressed based
on the percentage of untreated cells (100%
viable).

INTRACELLULAR UPTAKE OF
SPION

HepG2 cells (5 x 10° cells) were plated
in 25cm? flasks. After 24h, the cell culture
media was replaced by the media containing
the range of SPION (10, 14, 21, 31, 46, 68
and 100pg/mL). After 72h incubation, the
cells exposed to SPION and unexposed cells
(control) were washed with PBS, trypsinazed
and fixed with 2.5% glutataldehyde overnight
at 4°C. The post-fixation was carried out with
1% osmium tetraoxide and 1.25% potassium
ferrocyanide for 1h. After dehydrated with
series of ethanol solutions (Merck, Germany),
cells were embedded in Epon resin. Ultrathin
sections (100nm) were cut with EM UC7
ultramicrotome (Leica Microsystems - DE)
and stained with uranyl acetate. The samples
were observed on TEM Tecnai™ Spirit
Microscope (FEI Company, USA), operated
at 120kV. All reagents used in the microscopy
analysis were purchased from Electron
Microscopy Sciences (EMS, PA, USA).
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QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION
ASSAY (QRT-PCR)

Total RNA was extracted from HepG2
cells (1 x 10° cells) exposed to the lowest
concentration of SPION (10ug/mL) for 72h
using miRNeasy mini kit (Qiagen, CA, USA),
according to the manufacturer’s instructions.
Three biological replicates were carried out for
exposed and non- exposed cells. The amount
and purity of total RNA were evaluated with
a UV spectrophotometer (NanoDrop 2000,
Thermo Fisher Scientific Inc, MA, USA), by
A260/280 and 260/230 ratios, considering
the cut-off values equal or greater than 2.0
and 1.8, respectively. The integrity of the
RNA extracted was evaluated in bleach gel
stained with gel red (Biotium, CA, USA). The
material was stored at -80°C until ready for
gene expression analysis.

For mRNA expression analysis, the cDNA
was synthesized from 1pg of total RNA by
using RT? First Strand Kit (Qiagen, NL).
The quantitative gene expression analysis
was performed using PCR Array plates (RT?
Profiler” PCR Array Human Stress Toxicity
& PathwayFinder, Qiagen, NL) containing
specific primers for 84 genes related to
oxidative stress, inflammatory
osmotic stress, hypoxia, cell death (apoptosis,
necrosis and autophagy), heat shock proteins
and DNA damage. Melting curve analysis was
performed for all samples.

For miRNA analysis, 600ng of total RNA
was used for the cDNA synthesis with the
TagMan® MicroRNA Reverse Transcription
Kit (Applied Biosystems, MA, USA). Custom
PCR Array plates containing specific primers
to detect six miRNAs, let-7a, miR17-5p,
miR200c, miR146a, miR21 and, miR221 were
used. These targets were selected due to their
importance in inflammation, apoptosis and
carcinogenesis processes. Additionally, five
controls were selected as housekeeping genes;

response,
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RNU44, RNU48, U6, U47 and 18S.

The quantitative gene expression analysis
was performed on ABI7500 (mRNA) or
ABI7500 FAST (miRNA) equipments
(Applied Biosystems, MA, USA) with cycle
conditions comprised of a 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C and 1min
at 60°C, according to the manufacturer.

MEASUREMENT OF REACTIVE
OXYGEN SPECIES (ROS)

For this assay, the
27’-dichlorodihydrofluorescein diacetate
(H,DCFDA - Invitrogen, USA) was used as
the fluorescent dye. A stock solution of the dye
was made by dissolving H DCFDA powder
in absolute ethanol (Merck, Germany).
The working solution (5pM) was prepared
using PBS (pH 7.4) as the solvent. Hydrogen
peroxide (H,O,) (Merck, Germany) was used
as a positive control to generate stress in cells.
HepG2 cells were exposed with the range of
NPs (10, 14, 21, 31, 46, 68 and 100pg/mL).
At the end of treatment, after 72h, the cells
were washed thoroughly with PBS to avoid
the interference with nanoparticles in the
assay (Kroll et al., 2012., Guadagnini et al.,
2013.)engineered nanoparticles are highly
potential in influencing classical cytotoxicity
assays. Here, four common in vitro assays
for oxidative stress, cell viability, cell death
and inflammatory cytokine production
(DCE MTT, LDH and IL-8 ELISA. Cells
were harvested and incubated with 5uM of
H,DCFDA for 30 min, in absense of light.
Then, the cells were washed with DMEM
without serum and the fluorescence was
measured using flow cytometry (FACSArialll,
BD Biosciences, USA). The measurements of
solutions with nanoparticles and dye were
performed as a control experiment to evaluate
the interference of nanoparticles with the
optical detection of DCF fluorescence in flow
cytometry. All experiments were carried out
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three times, independently.

STATISTICAL ANALYSIS

All values of zeta potential, hydrodynamic
diameters, cytotoxicity assays and detection of
ROS were presented as mean + SEM. One-way
ANOVA test for variance analysis followed by
Dunnett’s comparison tests were performed
for all of these parameters with the GraphPad
Prisma software version 5.03 (GraphPad
Software, Inc., CA, USA).

Relative expression levels for both mRNA
and miRNA were calculated to each sample
after normalization against the geometric
averaging of the reference genes. The AACt
method was performed to compare relative
fold expression differences. Statistical analysis
of qRT-PCR data was performed using
the Student’s t-test on the web-based RT?
Profiler™ PCR Array Data Analysis software
(SABiosciences, www.SABiosciences.
com/pcrarraydataanalysis.php) and
Expression Suite Software (version 1.0.3, Life
Technologies, USA). p-values less than 0.05
were considered statistically significant.

RESULTS

CHARACTERIZATION OF SPION

The spherical SPION size uniformity was
observed by TEM. The average diameter
of the NPs was 10.9 + 4.32nm (n= 349
measurements) (Figure 1A and 1B).

The DLS revealed that the hydrodynamic
diameter of NPs was consistently 74.5 +
1.8nm (z-average mean) and the zeta potential
average was -25.6 = 1.5mV in water. Even
in the presence of PEG to prevent particle
aggregation and stabilize the solutions, NPs
size and surface charge increased in the
presence of DMEM with 5% FBS culture
media (z-average hydrodynamic diameter
of 92.1 + 3.5nm and a zeta potential average
of -11 = 0.2mV). Table 1 summarizes the
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hydrodynamic particle size and zeta potential
values obtained.

EFFECT OF SPION ON HepG2 CELLS
VIABILITY

The effect of SPION in HepG2 cells viability
was first evaluated by MTT reduction assay.
As a control experiment, the absorbance
at 540nm of mixtures of MTT-formazan
and different SPION concentrations was
monitored and no interference was observed
(datanot shown). Asshown in Figure 2, the cell
viability did not decrease after 24h exposure.
However, after 48 and 72h exposure, SPION at
> 10ug/ml induced around 40% decline in cell
viability when compared with non-exposed
cells (p<0.001).

Neutral Red uptake and Trypan blue assays,
used to evaluate membrane integrity, showed
no significant effect upon exposition to SPION
(data not shown). Furthermore, there were
no significant changes in doubling time and
proliferation rate of treated cells evaluated by
trypan blue compared to untreated cells (data
not shown).

CELLULAR UPTAKE OF SPION

According to the TEM images obtained
after 24h exposure, SPION uptake was
not homogeneous among the different
concentrations tested. Therefore, it was
possible to observe SPION in just some
cells (data not shown). Nevertheless, the
incorporation of SPION by HepG2 cells could
be seem in TEM images after 72h exposure
in a homogeneous manner (all cells and in all
concentrations tested). It is possible to observe
SPION accumulation inside vesicles in the
cytoplasm (Figure 3A-A1) and also presented
in the cell membrane surface (Figure 3B).
Moreover, myelin figures were observed in
the cytoplasm of a few cells (Figure 3C).
Also, some images showed membrane bleb
formation suggesting stressed cells (Figure
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3D-D1). These findings were not observed in
untrated cells (data not shown).

GENE EXPRESSION PROFILING

The expression of 84 genes was assessed by
qRT-PCR to investigate the genetic impact of
the lowest concentration of SPION (10ug/ml)
on HepG2 cells exposed after 72h. The target
genes are related to oxidative and osmotic
stress, inflammation, hypoxia, cell death
(apoptosis, necrosis and autophagy), heat
shock proteins and DNA damage. A total of
eight genes were overexpressed in the exposed
compared to non-exposed cells, with three
of them (DNAJC3, GCLM and TXNRDI)
presenting fold-change higher than 1.5 (Table
2 and Figure 4). All of these genes are related
to oxidative stress pathways.

Moreover, under the same conditions used
to mRNA expression assays, miRNAs-target
expression related to inflammation, cell death
and carcinogenesis was evaluated and showed
no significant fold-change for miR146a,
miR21, miR221, miR200¢, miR17-5p, and let-
7a when exposed cells were compared to non-
exposed (Table 3 and Figure 5).

REACTIVE OXYGEN SPECIES
DETECTION

The H,DCFDA dye allowed the
measurement of the ROS generation in
HepG2 cells triggered by SPION exposure.
A control experiment performed confirmed
no interference of NPs with the optical
detection of the probe fluorescence (not
shown). Intracellular ROS oxidize the dye
to a green-fluorescent form detectable by
flow cytometry. SPION induced a significant
increase (p<0.001) in the ROS production
by HepG2 cells in concentrations higher
than 21ug/ml of NPs, after 72h exposure, in
comparison to non-exposed cells (Figure 6).
These results showed similar mean values of
fluorescent units compared to 0.03% H,O,
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(positive control).

DISCUSSION

The medical, economic and technological
opportunities arising from nanotechnology
make it a key area for development, attracting
hugeinvestiments from both publicand private
sectors. Iron oxide nanoparticles (SPION)
amass numerous benefits concerning a variety
of biomedical applications and they have been
pointed out as one of the most promising types
of NPsin this area. However, the potential risks
of SPION in humans have not been considered
with the same intensity. Due to the widespread
application of nanomaterials, regulatory
agencies are raising some concerns regarding
nanomaterial adverse effects in human health
and in the environment (Brandenberger et al.,
2010, Oberdorster, 2010, Rahman et al., 2013,
Albalawi et al., 2021, Pérez-Hernandez et al.,
2021). SPION are already used as contrast
in human and animal clinical MRI analyses
(Bomati-Miguel et al., 2014, Xu et al., 2014,
Chen et al., 2022, Meng et al., 2024). A range of
2.5 to 56 pgFe/ml of SPION is needed for this
purpose. In the present study, the dose range
of NPs was selected based on the literature
showing the non-toxic effect of SPION in
experiments performed up to 100pg/ml of NPs
in fibroblasts, glia and breast cells (Ankamwar
et al., 2010). We have demonstrated that even
at low doses of iron (7pgFe/ml in 10ug/ml of
NPs), SPION were able to induce significant
decrease in cell viability assessed by MTT after
48h-exposure and also the overexpression
of genes related to oxidative stress in human
liver cells (HepG2) after 72h-exposure.

It has been reported that the main
contributor to the toxicity observed in cells
exposed to iron oxide NPs is the generation
of reactive oxygen species (ROS) (Ling and
Hyeon, 2013, Vakili-Ghartavol et al. 2020,
Ranjbary et al, 2023). Due to changes in
gene expression in oxidative stress pathway,
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flow cytometry was performed to detect
the production of reactive oxygen species
in cells exposed to SPION during 72h. A
significant increase in ROS production was
observed in doses equal to or higher than
21pg/ml of SPION. Also, we have observed
the formation of myelin figures and the
development of bubble-like protrusions on
some cell surfaces, which can be an indicative
of a morphological alteration characteristic of
cell injury (Ghadially, 1988). The blebbing is
a phenomenon that occurs during hypoxia,
ATP depletion or oxidative stress, and it also
has been associated with apoptosis or necrosis
(Gores et al., 1990, Lane et al., 2005, Tsai et al.,
2010).

ROS can be generated intrinsically or
extrinsically in response to various stimuli in
the cells and can act as a protective or injurious
molecule to cell signaling and homeostasis
processes (Huang et al., 2010, Manke et al.,
2013, Kawagishi and Finkel, 2014). Alterations
in ROS levels associated with an imbalance
in antioxidant defense capacity of cells may
lead to an oxidative stress that could trigger a
variety of events including DNA damage and
cell death (Manke et al., 2013, Periasamy et al.,
2014, Vakili-Ghartavol et al. 2020, Wei et al.,
2021, Ranjbary et al., 2023).

Mitochondria, redox-active organelles, are
identified as prominent site of ROS formation
induced by nanoparticles exposure. After
internalization, SPION seems to be degraded
into iron ions in lysosomes (Singh et al., 2010)
and the excess of free Fe ions may potentially
overpass the nuclear or mitochondrial
membrane, resulting in oxidative stress and
cellular damage (Huang et al., 2013). Our
results suggest that SPION affect the HepG2
cellular viability by disrupting mitochondria
activity measured by MTT assay after 48h
of exposure. Similar results in cell viability,
measured by MTT method and in accordance
with other assays, were described in other
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studies evaluating higher concentrations or
larger diameter iron oxide nanoparticles in in
vitromodels using different cell types. J774 cells
exposed up to 200pug/mL of SPION (30nm)
show a significant reduction of around 40% in
cell viability after six hours exposure (Naqvi
et al., 2010). A549 cells showed a decrease in
cell viability when exposed to SPION (22nm)
as well. In this cell type, concentrations higher
than 50ug/mL have shown a percentage
decrease of 35% in cellular viability (Dwivedi
et al., 2014). Moreover, a reduction of at
least 20% in viability of MCF-7 cell line was
observed using concentrations higher than 30
ng/mL of SPION with 20-50nm diameter after
24 and 48h exposure (Alarifi et al., 2014)we
explored the underlying mechanism through
which iron oxide nanoparticles induce toxicity
in human breast cancer cells (MCEF-7.

To ensure the accurate assessment of NPs
toxicity, it is essencial a careful validation
of the test systems used. The interference of
some NPs, including SPION, with several
cytotoxicity assays based on colorimetric
detection such as MTT as well as the NPs
interaction with fluorescent dyes is well
reported in the literature (Kroll et al., 2012,
Guadagnini et al., 2013, Ong et al, 2014).
Thus, it is worth mentioning that to prevent/
minimize the interference of SPION with
the assays performed, the adaptation in the
MTT and ROS detection (by H2DCFDA
dye) protocols proposed by Guadagnini et al.
(2013) suggesting multiple washing steps was
performed. Control experiments were carried
out to confirm the no interference of SPION
with MTT assay and DCF dye in the present
study (data not shown).

The gene expression profile analysis
showed overexpression of genes involved
in oxidative stress at the lowest dose tested,
7ugFe/ml (10ug/ml of NPs). Two genes that
have presented significant altered levels,
GCLM and TXNRDI, were associated to
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Glutathione (GSH) and Thioredoxin (TXN)
systems, which coordinate the removal of
reactive oxygen (ROS) and nitrogen (RNS)
species protecting the cells against oxidative
stress in different organisms (Weldy et
al., 2012). Possibly, the modulation in the
expression of such genes is induced to answer
an increase in levels of oxidative stress in an
attempt to maintain the normal redox state of
cells, trying to protect themselves against the
stress caused by SPION exposure.

The GSH and TXN systems have many
overlapping functions and in most cases work
in parallel, or act as a backup system for each
other (Cai et al., 2012, Lu and Holmgren,
2014). GSH is the most abundant cellular
non-protein thiol in mammalian tissues,
especially in liver, and plays a important role
in antioxidative and cellular redox processes
through efficient scavenging of various reactive
oxygen species such as hydrogen peroxide
and phospholipid hydroperoxides (Weldy
et al., 2012). Moreover, GSH is also known
to modulate inflammatory responses and to
protect against inflammatory pathologies
(Sikalidis et al., 2014)we investigated whether
induction of GSH synthesis in response to
sulfur amino acid deficiency is mediated by
the decrease in cysteine levels or whether
it requires a decrease in GSH levels per se.
Both the glutamate-cysteine ligase catalytic
(GCLC. Some studies have shown that
GSH plays a critical role in determining the
degree of antioxidative cellular response in
several tissues after exposure to nano-sized
aerosols from the ambient environment
(Zhang et al., 2012), CdSe/ZnS quantum dots
(McConnachie et al, 2013)concerns exist
regarding their potential toxicity, specifically
their capacity to induce oxidative stress and
inflammation. In this study we synthesized
CdSe/ZnS core/shell QDs with a tri-n-
octylphosphine oxide, poly(maleic anhydride-
alt-1-tetradecene, carbon black (Cao et al,
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2014) and silica NPs (Mendoza et al., 2014).
The GCLM gene encodes a glutamate-cysteine
ligase subunit in mammals. The GCLM
subunits were associated with changes in
kinetic properties to enhance glutamate-
cysteine ligase (GCL) activity which is the first
rate-limiting enzyme in glutathione (GSH)
biosynthesis. Alterations in GCLM expression
would be expected to affect cellular GCL
activity in cells and consequently affect the
glutathione (GSH) biosynthesis (Sikalidis et
al., 2014)we investigated whether induction
of GSH synthesis in response to sulfur amino
acid deficiency is mediated by the decrease
in cysteine levels or whether it requires
a decrease in GSH levels per se. Both the
glutamate-cysteine ligase catalytic (GCLC.
The TXNRDI gene encodes a member of the
family of pyridine nucleotide oxidoreductases,
thioredoxin reductase 1. Thioredoxin (TrxR)
in association with NADPH is responsible to
formthethioredoxinsystem (TXN) (Holmgren
and Lu, 2010). Thioredoxin reductase is a key
enzyme in intracellular redox environment
regulation (Raninga et al., 2014). With a fast
reaction rate, this enzyme acts by removing
the reactive oxygen and nitrogen species for
protection against oxidative stress (Cai et al.,
2012, Lu and Holmgren, 2014). Therefore, the
increase in the transcript levels of GCLM and
TRXRI observed in our study may suggest that
even with no statistical significance in ROS
production at 10pg/ml of SPION, these genes
may be overexpressed to regulate the redox
balance and to promote the detoxification in
HepG2 cells caused by SPION presence.
Another alteration caused by stress
conditions is the increased production of heat
shock proteins. A 1.5-fold increase in DNAJC3
gene expression levels can indicate that the
endoplasmic reticulum of HepG2 cells were
under stress conditions and may result in
cell injury or misfolded proteins if exposed
to SPION for a major period of time. The
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endoplasmic reticulum (ER) is responsible
for newly synthesized polypeptide chains
folding and posttranslational modification.
Therefore, perturbation in the protein
maturation process can result in accumulation
of unfolded protein into cells, disturbing cell
metabolism. The DNAJC3 is a co-chaperone,
originally identified in the cytosol and can be
translocate to the ER upon stress (Rutkowski
et al., 2007). In addition, recent studies have
shown that this protein can act as a molecular
chaperone by interacting with unfolded
proteins and preventing protein aggregation
(Boriushkin et al., 2014). During ER stress,
DNAJC3 upregulation plays a central role
in misfolded protein refolding, restoring
the ER homeostasis (Gupta et al, 2010)the
process of mitochondrial outer membrane
permeabilization (MOMP. Thus, a significant
increase in DNAJC3 levels may represent an
initial mechanism to restoring homeostasis in
the NP-exposed cells even without detectable
changes in cell metabolism.

The levels of miRNA involved in cell death,
inflammation and carcinogenesis did not
shown significant changes when cells exposed
to 10ug/ml of SPION were compared to
untreated cells. However, Li et al (2011) have
reported a dysregulation of miRNAs related
to cell death, metabolism and cell cycle, such
as, let-7a; mir17; mir125; mirl55, in 3T3 cells
exposed to SPION. A recent study carried out
by Sun et al (2015) also has demonstrated that
miRNAs expression pattern in genes related
to cell death or apoptosis pathways are widely
changed in PCI2 cells treated with SPION.
These results suggest that SPION could trigger
epigenetic effects by deregulating miRNA
levels (Li et al., 2011, Balansky et al., 2013).

Its important to note that before
assessing the potential cytotoxicity and gene
expression profile of cells exposed to SPION,
physicochemical characterization of size and
surface charge of NPs was performed through
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TEM, DLS and zeta potential techniques. The
hydrodynamic particle size and zeta potential
are important parameters which enable the
identification of agglometarion, aggregation,
dissolution and stability of NPs in differents
environments. These characterizations are
essential in biomedical research for validation
and better interpretation of results (Wells et
al., 2011, Sharma et al., 2014). Our DLS results
have been supported by other studies which
show a tendency of SPION to form aggregates
in cell culture media due to the presence of
proteins, amino acids and ions (Etheridge
et al., 2014, Sharma et al., 2014). The small
increase in hydrodynamic size when SPION
were diluted in DMEM 5% FBS can probably
be attributed to aggregation or formation of
protein corona around the particles (Laurent
et al., 2014).

The uptake of metal oxide NPs is important
for cytoxicicity evaluation and depends on
the physicochemical characteristics of the
NPs such as size, composition, polydispersity,
surface chemistry and the interaction with
other molecules (Singh et al, 2010, Wei
et al., 2021). Once the nanoparticles were
internalized, cellular processes can be altered
(Sun et al, 2015). Our uptake findings
have demonstrated the presence of NPs
inside vesicles in the cells after 72h, in all
concentrations tested. Despite the aggregation
state of NPs it seems that did not interfere with
the uptake of SPION by the HepG2 cells since
a large amount of NP have been internalized.

CONCLUSIONS

The present study investigated the effects
of SPION exposure on potential target cells
(HepG2) using cytotoxicity endpoints and
gene expression approaches. In light of this,
our results suggest that at the lowest dose
tested, 10pg/ml, SPION caused cytotoxicity
and presented an impact on the expression
of genes involved in oxidative stress pathways
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such as GCLM, TXNRDI and DNAJC3. These
alterations at the genomic level can be related
to an attempt to maintain the normal redox
equilibrium of cells, protecting themselves
against the stress caused by SPION exposure.

Theincreaseinintracellular ROS generation
and morphological changes characteristic of
cell injury confirmed the oxidative stress as
a mechanism of cellular toxicity triggered by
SPION. Furthermore, our findings contribute
to the understanding of the molecular
mechanisms involved in cell response due to
the SPION stimuli. Indeed, further studies
focused on in vivo models and long-term
exposure using different cell types should be
conducted to a complete understand of the
toxicity cause by SPION.
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SPION (pug/mL) Hydrodynamic diameter (nm)  Zeta potential (mV)

21 72.3£1.9 -22.8+£0.9

31 72.2%1.5 -24.2+1.4

B 46 74.9+5 -25.6+1.9
g 68 81.4+14.9 -24.0+1.2
100 71.7£0.9 -31.2+0.9

Mean 74.5+1.8 -25.6x1.5

21 98.3+£5.9 -11.3+0.2

é) 31 94.3+6.5 -10.7+0.4
8 46 81.8+1.1 -10.9+0.4
= 68 85.9+0.6 -10.4+0.2
= 100 100.1+41.1 1116403
Mean 92.1+£3.5 -11.0+0.2

Table 1: Hydrodynamic particle size distributions measured by DLS and zeta potential values. Solutions

obtained under various conditions in both water and DMEM with 5% FBS.

ID Gene Symbol Gene Name Fold-change (95% CI) p value*
601176 GCLM glutamate-cysteine ligase, modifier subunit 1.6 (1.24 - 2.00) 0.011
601112 TXNRDI thioredoxin reductase 1 1.5(1.35-1.73) 0.001
601184 DNAJC3 dna] (Hsp40) homolog, subfamily C, member 3 1.5(1.14 - 1.88) 0.022
601530 SQSTM1 sequestosome 1 1.4 (1.11-1.72) 0.041
108355 GRB2 growth factor receptor-bound protein 2 1.3 (1.11 - 1.57) 0.037
611595 TXNL4B thioredoxin-like 4B 1.3 (1.16 - 1.44) 0.009
603612 TNFRSFI0OB tumor necrosis factor receptor superfamily, member 10b 1.2 (1.11-1.29) 0.008
134660 GSTPI glutathione S-transferase pi 1 1.1 (1.06 - 1.21) 0.017

Table 2: Significant gene expression changes in HepG2 cells after 72h SPION exposure

*Student’s t-test; p<0.05 considered as significant.

ID miRNA Fold-change (95% CI) p value*
300568 mir-221 0.8 (1.44 -1.41) 0.343
611020 mir-21 1.1 (1.32-0,85) 0.621
612092 mir-200c 1.1 (0.94 - 0.77) 0.722
609416 mir-17-5p 0.9 (1.35-0.85) 0.240
600566 mir-146a 1.1 (1.19 - 1.09) 0.754
605386 let-7a 1.4 (0.97 - 0.73) 0.244

Table 3: miRNA expression changes in HepG2 cells exposed to SPION after 72h incubation

*Student’s t-test; p<0.05 considered as significant
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Figure 1: Morphological and size characterization of SPION. (A) Representative TEM image of spherical
SPION in water. (B) Distribution of SPION diameters measured by TEM images with mean size of 10.9 +

4.32nm.
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Figure 2: Cell viability evaluated by MTT assay for HepG2 cells after 24, 48 and 72h exposure with
increasing concentrations of SPION (10, 14, 21, 31, 46, 68 and 100pug/mL). Statistical significance was

determined by one-way ANOVA test with p<0.001 considered as highly significant (***).
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Figure 3: Transmission electron microscopy (TEM) images of HepG2 cells after 72h exposure to SPION.
(A) Uptake of SPION by cells exposed to 100pg/ml of NPs. (A1) Inset shows SPION in a vesicle at
higher magnification. (B) NPs distributed on cell membrane surface after 100ug/ml of SPION exposure.
(C) Myelin figures in the cytoplasm of cells exposed to 46ug/ml of SPION. (D) Plasma membrane bleb
formation in cells exposed to 68ug/ml of SPION. (D1) Inset shows a higher magnification of membrane
blebbing and SPION in vesicles.
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Figure 4: mRNA analysis of HepG2 cells after 72h incubation with 10pg/mL of SPION. Significant gene
expression changes were verified comparing to control group. p<0.05 considered as significant.
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Figure 5: miRNA analysis of HepG2 cells exposed to 10pg/mL of SPION after 72h incubation. Data are
expressed as fold change.
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Figure 6: Intracellular ROS levels measurement. The exposure to 21, 31, 46 and 100pug/ml of SPION

after 72h significantly induced increase in intracellular ROS levels in HepG2 cells. Data are reported

as percentage in fluorescence intensity relative to control cells cultured in SPION-free media. p<0.05
considered as significant.
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