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Introduction
Currently, the development and industrialization of 
societies have led to the introduction of various pollutants 
into the environment, resulting in soil, water, and air 
pollution, as well as climate change (1,2). Toxic pollutants 
easily enter the human body through the air, leading to 
adverse effects on human health (3).

Iron oxides are the most frequent compounds in nature 
with different structural formulas: wüstite in divalent 
capacity (Fe + 2), magnetite with di- and trivalent capacity 
(Fe + 2, Fe + 3), hematite and magnetite with trivalent 
capacity (Fe + 3). Hematite and magnetite are the most 
common types of iron oxides (4,5) that have been widely 
used in industrial, medical, and research processes at the 
nanometer scale (6,7).

Today, nanotechnology is a key technology of the 21st 

century due to its applications in various sciences (8,9). 
The distinct properties of nanomaterials compared to their 
larger counterparts have led to their increasing application 
in various processes and the emergence of this new field 
(10). Nanotechnology is considered a revolution in future 
sciences (11), and its production and consumption have 
experienced a significant growth trend in recent years 
(12). Among the producing nanoparticles, iron oxide 
nanoparticles are the top ten nanoparticles and have a 
significant increase in the nanoparticles market (13,14). 
Magnetic nanoparticles, due to their unique properties, 
are widely used in medical and industrial applications 
(11,15). In some studies, the use of nanoparticles is 
presented as a double-edged sword (16). Nanoparticles 
have a higher surface-to-mass ratio than larger particles, 
which increases their biological reactivity (17-20) and can 
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Abstract
Background: Today, iron oxide nanoparticles are produced in various structural shapes and formulas 
for industrial and medical applications. The widespread use of these nanoparticles highlights the need 
to consider their health effects.
Methods: A549 human lung cell lines were cultured in 24- and 72-hours time exposure with hematite 
nano-cylinder (ferric oxide) and magnetite nano-sphere (Ferrosoferric Oxide) in a size of < 40 nm. The 
toxicity of iron oxide nanoparticles at concentrations of 10, 50, 100, and 250 µg/ml on A549 cells was 
examined by measuring SDH activity, ROS generation, GSH content, MMP, and apoptosis-necrosis 
incidence rates.
Results: Hematite nanoparticles induced a significantly higher reduction in SDH activity compared 
to magnetite (P < 0.05) at concentrations of ≥ 50 µg/ml. ROS generation was higher in cells exposed to 
magnetite for 24 hours (P < 0.05) but reversed at 72 hours, where hematite induced more ROS (P < 0.05). 
MMP and intracellular GSH content were significantly lower in hematite-exposed cells than magnetite, 
particularly at 250 µg/ml (P < 0.05). Apoptosis-necrosis rates were substantially higher in hematite-
exposed cells, with a 22% increase at 250 µg/ml compared to magnetite (P < 0.05).
Conclusion: The results show that hematite nanoparticles are more toxic than magnetite nanoparticles 
on A549 cells. These findings clarify the importance of choosing the type of nanoparticle and its 
concentration in industrial and medical applications. For future research, there is a need to investigate 
the toxicity mechanisms and environmental effects of these nanoparticles.
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damage the body’s biological systems (17,21).
Many authors have raised concerns about human health 

due to the release of nanoparticles into the air, which remain 
suspended for a long time and could lead to pulmonary 
exposure (22). The release of iron oxide nanoparticles into 
the air is reported during the production, storage, use of 
the nano-product, or as a result of exposure to natural, 
occupational, or traffic-related processes (23,24). The 
primary route of exposure to environmental pollutants 
is through the respiratory system. The A549 cell line has 
been considered the most suitable human pulmonary cell 
line for investigating the toxicity of nanoparticles in in 
vitro toxicology studies (23).

According to a study, the physicochemical parameters 
that affect the surface reactivity and biological effects 
of nanoparticles include shape, size, concentration, 
crystalline structure, surface coating, and chemical 
composition (25). In some studies, the effects of particle 
size, concentration, and surface coating of nanoparticles 
on their toxicity have been investigated (10,24). Also, the 
oxidation state of chemical compounds affects the rate 
of ROS generation in cells (26). The ions in the structure 
of hematite iron oxide nanoparticles are in the form of 
trivalent Fe + 3 cations, and magnetite nanoparticles are in 
the form of divalent and trivalent cations (Fe + 2 and Fe + 3). 
Fe + 3 ions have a greater tendency to participate in Fenton 
reactions and produce reactive oxygen species. Fe + 3 
ions have greater potency compared to Fe + 2 in causing 
biological damage (27). 

However, the scientific literature lacks comprehensive 
studies on how the nanoparticle’s shape and chemical 
composition influence their toxicity. Few studies have 
briefly reported these effects (23,28). In a systematic 
review study, the shape of nanoparticles has been reported 
as a factor affecting their cell uptake rate. Silver nanowires 
have a greater penetration into the A549 cell line than 
their spherical shape (28). Based on these insights, we 
hypothesize that (1) the chemical composition of iron 
oxide nanoparticles influences their cytotoxicity; hematite 
displays greater toxic effects than magnetite (2). The shape 
of nanoparticles affects their cellular uptake and toxicity 
in A549 cell lines. Hence, this study aimed to compare 
the cytotoxicity of two types of iron oxide nanoparticles 
(hematite and magnetite with sizes less than 40 nm) on 
the A549 cell line.

Materials and Methods
Iron oxide nanoparticles in the size of < 40 nm and in 
two oxidation states of hematite (α-Fe2O3, CAS No. 1309-
37-1) and magnetite (Fe3O4, CAS No. 1317-61-9) were 
purchased from US Research Nanomaterials, Inc. The 
purity of hematite nanoparticles (Ca: 0.024, Cr: 0.037, Mn: 
0.095, P: 0.016, SiO2: 0.134, and S: 0.120 (%)) and magnetite 
nanoparticles (Ca: 0.023, Cr: 0.0016, Mn: 0.086, K: 0.001, 
and SiO2: 0.142 (%)) reported by the manufacturer was 

equal to 98%. Concentrations of 10, 50, 100, and 250 µg/
ml were prepared by adding iron oxide nanoparticles to the 
serum-free culture medium (Dulbecco’s Modified Eagles 
Medium, DMEM) according to previous literature (29) 
which, based on the studies in the field of acute toxicology, 
these concentrations fall within the appropriate range 
for assessing cellular toxicity (30). The suspension was 
homogenized by sonication before use.

The shape and size of iron oxide nanoparticles in both 
powder and suspension states in serum-free DMEM were 
measured by Transmission Electron Microscope (Philips 
CM30 - Netherlands) and Dynamic Light Scattering (DLS, 
Nanophox 90-246V), respectively. Germany). The electric 
charge of iron oxide nanoparticles was also measured using 
Zetasizer (Malvern, UK) at a concentration of 50 µg/ml in 
serum-free culture medium. Based on scientific literature 
(31), a negative electric charge indicates the instability of 
the agglomeration process, resulting in proper particle 
distribution in the suspension medium.

Cell culture and exposure to hematite and magnetite 
nanoparticles
Human lung epithelial cell line (A549) was purchased 
from Pasteur Institute Cell Bank (Tehran, Iran) and 
cultured in DMEM (GIBCO, USA) containing 10% 
fetal bovine serum (GIBCO, USA) and 1% penicillin-
streptomycin (GIBCO, USA). The cells were maintained 
in an incubator at 37°C with 5% CO2. Cells were routinely 
passaged once they reached 95% confluency to prevent 
overcrowding and to ensure their health and viability. This 
practice helped maintain cells in the optimal growth phase 
and minimized potential effects from over-confluence. 
To ensure the absence of contamination, the cultured 
cells were routinely monitored under a phase-contrast 
microscope (Olympus-lX71). Any signs of contamination, 
such as abnormal cell morphology or the presence of 
unwanted microorganisms, were carefully examined. 
Only cultures free from visible contamination were used 
in experiments. The cells were considered suitable for 
experimentation once they reached 80% confluency. At 
this stage, cultured A549 cells were exposed to hematite 
and magnetite iron oxide nanoparticles for 24 and 72 hours. 
The rate of toxicity was assessed by evaluating succinate-
coenzyme Q activity (succinate dehydrogenase, SDH) 
using the MTT assay, measuring the generation of reactive 
oxygen species (ROS), and determining intracellular 
glutathione content, mitochondrial membrane potential 
changes, and apoptosis-necrosis rates.

Considering the typical cell culture half-life of the 
A549 cell line (approximately 22 ± 2 hours), the exposure 
durations of 24 and 72 hours were selected, as they fall 
within the mid-phase of the cell proliferation cycle. Non-
exposed cells were used as the control group, and toxicity 
rates in exposed groups were compared with those of 
the control. The control group cells were exposed to the 
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same conditions as the exposed cells, meaning they were 
cultured in a serum-free medium without nanoparticles.
The morphology of A549 cells was examined before 
and after exposure to iron oxide nanoparticles using an 
inverted microscope (Olympus-lX71).

SDH activity test
Approximately 10,000 cells were seeded in each well of 
a 96-well plate and exposed to various concentrations 
of hematite and magnetite iron oxide nanoparticles for 
24 and 72 hours. The succinate dehydrogenase (SDH) 
activity was then assessed using (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide) (MTT, Sigma) 
and an ELISA plate reader (Biotek ELx800, USA) at 570 
nm (32). The results were expressed as a percentage of 
SDH activity relative to the untreated control group. 

ROS test
The rate of ROS generation was measured by exposing 
10,000 cells per well in a 96-well black plate with different 
concentrations of iron oxide nanoparticles. Fluorescence 
light intensity due to the addition of reagent (DCFH-
DA; Sigma Aldrich, Germany) after 24 and 72 hours 
of exposure time with nanoparticles was measured at 
an excitation wavelength of 485 nm and an emission 
wavelength of 525 nm by Multi-Mode Reader (Synergy)-
HTX, BioTek, USA) (13). The results were expressed as a 
percentage in comparison to the control group. However, 
it is necessary to mention that DCFH-DA is particularly 
sensitive to hydrogen peroxide (H₂O₂), which may limit 
the interpretation of the results, as it does not provide a 
complete profile of other ROS species. However, despite 
these limitations, it remains a widely used method for 
measuring ROS in this study, as demonstrated in previous 
research.

GSH test
The intracellular GSH content of the A549 cell line was 
determined at 24 and 72 h exposure to A-iron oxide 
nanoparticles based on Ellman’s method (44). In this test, 
the contents of lysed cells were exposed to 5,5′-Dithiobis 
[2-nitrobenzoic acid] reagent (DTNB) at a concentration 
of 2 mg/ml, and the yellow color obtained from the 
reduction of DTNB to TNB was read by an ELISA reader 
(Biotek ELx 800, USA) at 405 nm wavelength (33).

MMP test
Approximately 10,000 cells in each well of 96 black-plate 
were exposed to different concentrations of iron oxide 
nanoparticles for 24 and 72 hours. In this test, a culture 
medium containing Rhodamine 123 dye at a concentration 
of 2 µM was used. The penetration rate of nanoparticles 
into mitochondria was measured by measuring the 
intensity of fluorescence radiation due to the addition 
of Rhodamine 123 reagent by Multi-Mode Reader 

(Synergy-HTX, BioTek, USA) at excitation and emission 
wavelengths of 485 and 528 nm, respectively (34).

Apoptosis-necrosis test
1000,000 cells per 6-well plate were exposed to hematite 
and magnetite nanoparticles. After exposure times of 
24 and 72 hours, cells were harvested and stained with 
Annexin-V and Propidium Iodide (PI) using eBioscience 
(USA) reagents. The rate of apoptosis and necrosis was 
then determined using flow cytometry (BD FACSCalibur, 
San Jose, California, USA) (35). Apoptotic cells were 
identified as Annexin-V positive and PI negative, while 
necrotic cells were identified as both Annexin-V and 
PI positive. The percentages of apoptotic and necrotic 
cells were plotted in the figure as separate groups, with 
apoptotic cells shown in gray and necrotic cells in black.

Statistical tests
The results of toxicity tests were analyzed using SPSS 
software version 21. An independent sample t-test was 
used to evaluate the effect of exposure time on cytotoxicity 
and to compare the toxicity of hematite nanoparticles with 
magnetite nanoparticles. Additionally, a one-way ANOVA 
test was used to investigate the effects of iron oxide 
nanoparticles on the incidence of toxicity compared to the 
control group. Following the ANOVA, a Tukey’s post-hoc 
test was applied for multiple comparisons. The results of 
toxicity tests were considered at a significance level of 5% 
and presented as mean ± standard deviation (SD).

Quality control and quality assurance
To ensure the reliability and consistency of the 
experimental procedures, quality control (QC) and quality 
assurance (QA) measures were implemented throughout 
the study. All reagents, including nanoparticles, were 
procured from certified suppliers, and their properties, 
such as size, purity, and composition, were verified using 
characterization techniques like TEM and DLS before 
conducting the experiments.

Results
Physicochemical properties of hematite and magnetite 
nanoparticles
The dimensions of magnetite and hematite nanoparticles 
in powder states are shown in Figure 1. And their 
physicochemical properties suspended in DMEM are 
recorded in Table 1. The TEM images of magnetite and 
hematite nanoparticles were spherical and cylindrical, 
respectively.

Cell morphology
The morphology of 106 cells of the A549 cell line was 
examined before and after 24-hour exposure to a 
concentration of 50 μg/ml of hematite and magnetite 
nanoparticles, and the results showed a reduction in cell 
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population and shrinkage of cell size compared to the 
control group (Figure 2).

SDH activity rate
As shown in Figure 3, the SDH activity of the A549 cell 
lines exposed to hematite and magnetite nanoparticles 
decreased, and this phenomenon was concentration 
and time-dependent. The SDH activity of the A549 
cell lines was lower than the control group at hematite 
nanoparticle concentrations higher than 10 μg/ml and 
magnetite nanoparticle concentrations higher than 50 
μg/ml. However, in A549 cell lines exposed to magnetite 
nanoparticles with a concentration of 250 μg/ml for 24 
hours, there was no significant difference between the 
control and exposed cells (P = 0.093).

The results showed that the activity of SDH of A549 
cells exposed to all concentrations (except 50 μg/ml) of 
hematite nanoparticles for 24 hours was higher than 

the cells exposed to magnetite nanoparticles (P < 0.05). 
The activity of SDH in 72-hour exposure of A549 cells 
at all concentrations of hematite nanoparticles was 
higher than magnetite nanoparticles, but this difference 
was not statistically significant at a concentration of 
10 μg/ml (P = 0.10).

ROS generation test
The rate of ROS generation during 24 and 72 hours of 
exposure of the A549 cell line with hematite and magnetite 
nanoparticles was higher than that of the control group 
and showed a concentration and time-dependent 
increase (P < 0.05).

As shown in Figure 4, the rate of ROS generation during 
24-hour exposure with all concentrations of magnetite 
nanoparticles was higher than the exposure with hematite 
nanoparticles (P < 0.05). However, the results were reversed 
during the 72-hour exposure time. This difference was not 

Figure 1. A: Fe2O3 nanoparticles (cylindrical shape) and B: Fe3O4 nanoparticles (spherical shape) by Transmission Electron Microscope (Philips CM30, 
Netherlands)

Figure 2. A549 cell line morphology. A: Unexposed cells and after 24 hours of exposure to 50 µg/ml concentration of B: Fe2O3, and C: Fe3O4 nanoparticles

Table 1. Physicochemical properties of hematite and magnetite nanoparticles 

Average size in powdery state
(nm)

Average size in suspension state
(nm)

Zeta potential
(mV)

Fe2O3 nano-particles 20-40 96 -33 ± 6

Fe3O4 nano-particles 20-40 60 -31 ± 10
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statistically significant for 10 µg/ml concentration in 72 
hours of exposure (P = 0.053).

Mitochondrial Membrane Potential rate
The potential of the mitochondrial membrane at both 
times of exposure to all concentrations of hematite 
nanoparticles (except 10 µg/ml at 72 hours) was less than 
the control group and had a concentration-dependent 
trend (P < 0.05). The effect of increasing the exposure time 
factor on decreasing the MMP of cells exposed to hematite 
nanoparticles at concentrations of 10 and 50 µg/ml was 
positive, while at other concentrations, it was negative 
(Figure 5). Mitochondrial membrane potential at 24- and 
72-h exposure to magnetite nanoparticles was less than 
the control group and showed a concentration and time-
dependent trend (P < 0.05).

The MMP rate after 24-hour exposure of A549 cells 
at concentrations of 10 and 50 µg/ml of hematite and 
magnetite nanoparticles was lower for the magnetite, 
but this phenomenon was not statistically significant 
at 10 µg/ml concentration (P = 0.058). The A549 cells 
exposed to the magnetite and hematite nanoparticles at 
the concentrations of 100 and 250 µg/ml, respectively, 
demonstrated a lower mitochondrial membrane potential 

for hematite nanoparticles compared to magnetite 
nanoparticles (P < 0.05). The MMP produced by the 
exposed A549 cells at 72-hour exposure time for all 
concentrations of magnetite nanoparticles was lower than 
hematite nanoparticles, which was not significant at the 
50 µg/ml concentration (P = 0.071).

Intracellular GSH rate
The decrease in glutathione content of the A549 cell line 
exposed to hematite and magnetite nanoparticles had 
a concentration and time-dependent trend. The rate 
of intracellular glutathione at 24-hour exposure to all 
concentrations except 250 µg/ml of hematite nanoparticles 
and concentrations of 100 and 250 µg/ml of magnetite 
nanoparticles was higher than that in the control group 
(P < 0.05), while at all concentrations at 72-hour exposure 
time was lower than that in the control group (P < 0.05).

The results showed that the intracellular glutathione 
content at exposure to concentrations of ≤ 50 µg/ml at 
24-hour exposure time to magnetite nanoparticles was 
higher than that at exposure to hematite nanoparticles 
(P < 0.05) (Figure 6).

Apoptosis – Necrosis rate
The incidence of apoptosis-necrosis at exposure of the 

Figure 3. A549 cell line SDH activity in exposure to hematite and magnetite 
nanoparticles
(† = Statistically significant difference vs. Control and * = Statistically 
significant difference vs. Iron oxide nanoparticles (n = 3, P ≤ 0.05)) 

Figure 4. ROS generation in A549 cells exposed to hematite and magnetite 
nanoparticles
(† = Statistically significant difference vs. Control and * = Statistically 
significant difference vs. Iron oxide nanoparticles (n = 3, P ≤ 0.05))

Figure 6. Intracellular glutathione content in exposure to hematite and 
magnetite nanoparticles
(† = Statistically significant difference vs. Control and * = Statistically 
significant difference vs. Iron oxide nanoparticles (n = 3, P ≤ 0.05))

Figure 5. Reduction of mitochondrial membrane potential of the A549 cell 
line in exposure to hematite and magnetite nanoparticles
(† = Statistically significant difference vs. Control and * = Statistically 
significant difference vs. Iron oxide nanoparticles (n = 3, P ≤ 0.05))
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A549 cell line with different concentrations of hematite 
and magnetite nanoparticles showed a concentration 
and time-dependent trend, and was higher than the 
control group (P < 0.05). The apoptosis-necrosis rates at 
exposure to all concentrations of magnetite nanoparticles 
in all exposure times were lower than those at exposure to 
hematite nanoparticles (P < 0.05) (Figure 7).

Discussion
Iron oxide nanoparticles are among the most widely used 
nanoparticles in medical and industrial processes (36-38), 
due to their physicochemical properties and industrial 
capability to manufacture them in different sizes and 
shapes, as well as their availability (39,40). The production 
and consumption of iron oxide nanoparticles could lead to 
respiratory exposure and an increased rate of biomarkers 
of oxidative stress in exposed groups (41).

This study showed that human lung A549 cell 
lines exposed to hematite and magnetite iron oxide 
nanoparticles had an increased cell mortality rate and 
morphological change. Some authors also reported 
impaired cell membrane function followed by increased 
exposure time to iron oxide nanoparticles, demonstrating 
altered cytoskeletal integrity and cell morphology (42). 
The incidence of toxicity and cell death of the A549 
cell lines in the present study also demonstrated that 
concentration and exposure were time-dependent, which 
could be explained by a higher probability of nanoparticle 
penetration into the cells and lysosome destruction (43). 
Iron is usually known as a cellular micronutrient at low 
concentrations, but with increasing iron concentration, it 
could be concentration-dependent cytotoxic (44).

The increase in A549 cell death observed in this 
study could be attributed to the participation of iron 
oxide nanoparticles in intensifying the Fenton reaction, 
resulting in a higher ROS generation rate compared to the 
unexposed cells, which has been identified by researchers 
as the cause of peroxidation and cell death (42,45). An 
increase in the rate of intracellular glutathione content 
in the presence of iron oxide nanoparticles in this study 

can be considered as an antioxidant defense mechanism 
against ROS generation (46), which modulates the rate of 
cell death (47,48). This stress activates antioxidant defense 
mechanisms, including the Nrf2 pathway, which enhances 
the synthesis of glutathione as a protective response to 
counteract oxidative stress (49). Hence, the decrease 
in cell death rate obtained from the apoptosis-necrosis 
test at exposure to magnetite nanoparticles compared 
to hematite nanoparticles can be due to the increase 
in intracellular glutathione, followed by an increase in 
oxidative stress. Schieber and Chandel reported the role 
of a slight increase in intracellular ROS in increasing 
glutathione content and cellular activity (47), which may 
lead to stimulating the activity of enzymes involved in 
glutathione regeneration, such as mitochondrial SDH 
activity. In the study of Watanabe et al, the exposure of 
A549 cell lines to magnetite nanoparticles was observed 
to increase apoptosis; at the same time, the effect on the 
activity of SDH was lower than apoptosis (50), which 
confirms the results of the present study. Another author 
reported that Lysosomes increase the rate of oxidative 
attacks and the vulnerability of other internal cell organs 
such as mitochondria and nuclei by producing activated 
ions from iron nanoparticles, and possibly, increase the 
incidence of A549 cell lines apoptosis, similar to the 
results of the present study (51).

In this study, the cell mortality rate of the human lung 
A549 cell lines exposed to hematite nano-cylinders was 
higher than that of magnetite nano-spheres. Nanoparticle 
morphology is one of the factors facilitating the 
intracellular absorption of nanoparticles (52). The results 
of studies show that the intracellular adsorption of rod 
and disk particles is much higher compared to spherical 
particles. Some other studies have also reported that 
nano-cylinder iron oxide has more toxic effects than 
its spherical shape, which could be due to the effect of 
nanoparticle appearance on the resulting magnetic field, 
an increase in surface-to-volume ratio, and more damage 
to cell membranes (40,53). Few authors have demonstrated 
that the permeability of cylinder nanoparticles was 
higher than spherical nanoparticles into the cell (54,55). 
Non-spherical nanoparticles having sharp edges could 
cause instability in lysosomal membranes and increase 
inflammatory toxicity. Lee et al reported that rod hematite 
nanoparticles accumulate in the cytoplasm, while the 
spherical shapes of iron oxides were stored in vacuoles, and 
this phenomenon may cause rod hematite nanoparticles 
to have more necrotic properties than iron oxide nano-
spheres in cellular macrophages (40). However, in other 
studies, the permeability of rod nanoparticles has been 
reported to be lower than spherical nanoparticles, which 
showed a direct relationship with the increase in the length 
of rod nanoparticles (56,57). Accumulation of protein 
around nanoparticles is another deterministic factor in 
reducing the rate of cytotoxicity (42). In some studies, 

Figure 7. Apoptosis-Necrosis rate in A549 cell line exposed to hematite 
and magnetite nanoparticles
(† = Statistically significant difference vs. Control and * = Statistically 
significant difference vs. Iron oxide nanoparticles (n = 3, P ≤ 0.05))
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protein accumulation around spherical nanoparticles was 
reported to be more than rod nanoparticles (58,59); at the 
same time, contradictory results were also stated by other 
researchers (60). Therefore, the existence of contradictory 
information about the effect of nanoparticle shape on 
cytotoxicity indicates the need for further studies (61).

The chemical structure of nanoparticles could be 
a factor in cell viability (40,62). Hematite iron oxide 
nanoparticles are converted to trivalent Fe + 3 cations inside 
the cell, while magnetite nanoparticles produce both 
Fe + 2 and Fe + 3 cations. The greater tendency of hematite 
nanoparticles to participate in the Fenton reaction could 
be a result of their chemical structure and production 
of trivalent iron compound (27), and justifies higher 
toxicity and cell death rates in comparison to magnetite 
nanoparticles. However, divalent iron oxide nanoparticles, 
such as magnetite, have a high affinity for participating in 
the Fenton reaction cycle and production of hydroxyl ions 
(44,63), but ferritin is a protein that prevents toxicity by 
reducing the concentration of divalent ions. Ferritin, on 
the other hand, is a frequent intracellular protein with the 
capability of lowering oxidative stress by converting Fe + 2 
to Fe + 3, catalyzed by the ferroxidase enzyme, and stored 
inside the ferritin protein. Ferritin stores divalent iron 
ions within its nucleus and reduces the production of free 
radicals (64,65). Also, recent studies have highlighted the 
crucial role of ferritin in regulating iron homeostasis and 
mitigating oxidative stress by converting Fe²⁺ to Fe³⁺ and 
storing it within its core. This process not only reduces 
the production of free radicals but also protects cells from 
iron-induced toxicity (66). The affinity of ferritin protein 
for oxidizing Fe + 2 to Fe + 3 could justify the reduced toxicity 
of magnetite compared to hematite nanoparticles in the 
present study. To further validate our hypothesis, future 
studies should consider implementing a Ferritin Binding 
Assay to examine the direct interaction between ferritin 
and Fe²⁺ ions in the presence of magnetite nanoparticles. 
This experiment could provide valuable insights into 
the mechanism by which ferritin mitigates iron-induced 
toxicity and offer further evidence to support its role in 
reducing magnetite toxicity. We recommend that such 
experiments be considered in future investigations to 
strengthen our findings.

Iron oxide nanoparticles with different shapes and 
chemical structures have been used in recent years. 
Though the chemical structure, as well as the shape of 
nanoparticles, could have some bearing on the safe use 
of nanoparticles, this study examined the cytotoxicity of 
the two widely used iron oxide nanoparticles (hematite 
nano-cylinder and magnetite nano-sphere from US 
Research Nanomaterials, Inc. products). These results 
showed that hematite nanoparticles were more toxic 
than magnetite nanoparticles in the human lung A549 
cell line. Considering the findings of this study on iron 
oxide nanoparticles and the limited available scientific 

information, further studies are recommended.

Conclusion
In this study, we compared the toxicity of hematite 
nano-cylinders and magnetite nano-sphere iron oxide 
nanoparticles on the human lung A549 cell line. Our 
findings indicate that both types of nanoparticles exhibit 
concentration and exposure time-dependent cytotoxicity, 
but hematite nanoparticles demonstrated a higher toxicity 
level than magnetite nanoparticles. The increased cell 
mortality and morphological changes observed in A549 
cells exposed to hematite are likely due to the greater 
propensity of these nanoparticles to participate in the 
Fenton reaction, generating higher levels of reactive 
oxygen species (ROS) and leading to increased oxidative 
stress. Moreover, the hematite’s nano-cylinder shape might 
enhance cellular absorption and cause more significant 
disruption of cellular structures when compared to 
magnetite’s spherical shape. The results underscore the 
importance of considering both structural and chemical 
properties of iron oxide nanoparticles when evaluating 
their potential health impacts. Specifically, hematite’s 
ability to produce trivalent iron (Fe³⁺) compounds and its 
higher oxidative stress induction highlight the need for 
careful regulation and further investigation into its use 
in industrial and medical applications. Conversely, the 
relatively lower toxicity of magnetite, which can convert 
between Fe²⁺ and Fe³⁺ and is better managed by cellular 
antioxidant mechanisms like ferritin, suggests it may be 
a safer alternative under similar exposure conditions. 
Given the widespread use of iron oxide nanoparticles, 
our study emphasizes the critical need for ongoing 
toxicological research to better understand their health 
effects and to guide the development of safer nanoparticle 
formulations. Future research should focus on a broader 
range of nanoparticle shapes, sizes, and compositions, as 
well as in vivo studies, to fully elucidate the mechanisms 
of toxicity and to inform safer practices in the production 
and application of these nanomaterials.
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