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Oxidative-damage effect of Fe3O4 nanoparticles on mouse
hepatic and brain cells in vivo
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Abstract To assess the biological safety of Fe3O4 nanoparticles (NPs), the oxidative-damage effect of these NPs was
studied. Twenty-five Kunming mice were exposed to Fe3O4 NPs by intraperitoneal injection daily for 1 week at doses of
0, 10, 20, and 40 mg$kg–1. Five Kunming mice were also injected with 40 mg$kg–1 ordinary Fe3O4 particles under the
same physiological conditions. Biomarkers of reactive oxygen species (ROS), glutathione (GSH), and malondialdehyde
(MDA) in the hepatic and brain tissues were detected. Results showed that no significant difference in oxidative damage
existed at concentrations lower than 10 mg$kg–1 for NPs compared with the control group. Fe3O4 NP concentration had
obvious dose–effect relationships (P< 0.05 or P < 0.01) with ROS level, GSH content, andMDA content in mouse hepatic
and brain tissues at > 20 mg$kg–1 concentrations. To some extent, ordinary Fe3O4 particles with 40 mg$kg–1

concentration also affected hepatic and brain tissues in mice. The biological effect was similar to Fe3O4 NPs at
10 mg$kg–1 concentration. Thus, Fe3O4 NPs had significant damage effects on the antioxidant defense system in the
hepatic and brain tissues of mice, whereas ordinary Fe3O4 had less influence than Fe3O4 NPs at the same concentration.

Keywords Fe3O4 nanoparticle (NP), ordinary Fe3O4 particle, oxidative damage, reactive oxygen species (ROS), glutathione
(GSH), malondialdehyde (MDA)

Introduction

Nanoparticles (NPs) are special materials with two or three
dimensions ranging from 1 nm to 100 nm. Given the size,
chemical composition, and shape of NPs, they have unusual
physical and chemical characteristics (Fadeel and Garcia-
Bennett, 2010) and are thus used in various fields. NPs can be
used in drug delivery, gene delivery, cancer therapy, disease
detection, biochemical sensing, bioimaging (Lippacher et al.,
2001; Bystrzejewski et al., 2007; Nakamura et al., 2010;
Pissuwan et al., 2011), and so on. When NPs are used for
imaging or drug delivery, they can be coated with macro-
molecules such as DNA, proteins, or monoclonal antibodies

to attach interested cells. In the progress of the interaction
between NPs and cells, ensuring the safety of an organism is
very important (Lewinski et al., 2008).

Adverse effects of NPs on organisms have been reported,
including damage to aquatic microorganisms caused by boron
NPs (Strigul et al., 2009), damage to human lung epithelial
cells caused by ZnO and TiO2 NPs (Hsiao and Huang, 2011),
oxidative stress induced by NPs in human lung carcinoma
cells (Valodkar et al., 2011), and so on. Four factors affect NP
toxicity, i.e., chemical composition, small size, large surface-
to-volume ratio, and surface property.

NPs are often classified as organic NPs such as fullerenes
and inorganic NPs, which consist of metals (e.g., gold and
silver) and metal oxides (e.g., iron oxide, titanium dioxide,
silicon dioxide, etc.). Given the magnetic, mechanical, and
optical properties of iron oxide NPs, they have extensive
applications. On account of the magnetic properties of iron
oxide NPs, they can be used to conduct tumor hyperthermia
treatment (Xie et al., 2009). The magnetic properties of iron
oxide NPs are also applied in the super paramagnetic iron
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oxide particle imaging instrument for magnetic resonance
imaging that can be used to study cell tracking (Fleige et al.,
2002). Iron oxide NPs can also be applied in drug and gene
delivery. A doxorubicin-loaded system based on dextran
cross-linked iron oxide NPs has been synthesized, and results
show that the use of such NPs in drug delivery is possible (Yu
et al., 2008). Fe3O4 NPs are a type of iron oxide NPs widely
used in many fields, including printing ink manufacture,
metal ion removal, magnetite filtration, biomolecule separa-
tion, and nuclear magnetic resonance imaging. The unique
magnetic properties of Fe3O4 NPs have been largely
exploited. Given the simplicity of their synthesis and partial
solubility in acidic media compared with other nanoparticles
like TiO2 and SiO2, Fe3O4 NPs have become a research
hotspot (Ma et al., 2012). However, data on Fe3O4 NPs safety
are lacking. Inconsistent results have increased confusion
regarding this topic. Thus, the safety of Fe3O4 NPs must be
studied.

Reactive oxygen species (ROS) can be classified into two
different types, i.e., radical ROS (superoxide anion and
hydroxyl radical) and non-radical ROS (hydrogen peroxide
and hypochlorous acid). Considering the existence of active
oxygen functional groups, ROS have very high activity in the
body. Radicals emerge during the normal metabolic processes
of humans. Some mechanisms can clear radicals, such as
glutathione (GSH) that can be used to clear ROS. Under
normal conditions, a balance exists between the generation
and clearance of radicals that does not negatively affect the
body (Xia et al., 2008). However, if the amount of ROS
produced is too much that it cannot be handled by normal
removal mechanisms such as GSH, ROS accumulation and
can damage the structure of cells, thereby affecting their
functions. The strong oxidability of ROS can oxidate
biomembranes, and the end-product of lipid oxidation is
malondialdehyde (MDA). Thus, ROS, GSH, and MDA are
usually used as biomarkers of oxidative damage to measure
the toxicity of a material.

Materials and methods

Reagents and apparatus

Fe3O4 NPs (Sigma, St Louis, MO, USA), ordinary Fe3O4

particles, 2′7′-dichlorodihydrofluorescein (DCFH-DA; Cal-
biochem, La Jolla, CA, USA), 5,5′-dithiobis-(2-nitrobenzoic
acid) (DTNB; Sigma), and 2-thiobarbituric acid (TBA;
Shanghai Reagent Factory, Shanghai, China) were used in
experiments. All other chemicals used were analytical grade.

A low-temperature refrigerated centrifuge (Eppendorf-
5417R), a continuous-wave and fluorescent microplate
spectrophotometer (Bio-teck FLX800, USA), and a fluores-
cence spectrophotometer (Hitachi F-4500, Japan) were used
in the experiment.

Experimental animals

Thirty SPF Kunming male mice (weight & 24–28 g) were
purchased from the Experimental Animal Center of Hubei
Province (Wuhan, China). The mice were randomly
grouped into 5 treatment groups with 6 mice per group.
Three groups were exposed to an Fe3O4 nanoparticle
environment (exposure doses = 10, 20, and 40 mg$kg–1).
One experiment group was exposed to ordinary Fe3O4

particles at a dose of 40 mg$kg–1. The control group had
PBS taking the place of oxide metal material. The
experimented mice were housed in different cages at room
temperature and fed with normal diet and water. Fe3O4 NPs
was injected into mice through intraperitoneal injection. The
volume of NPs injected to mice was based on their weights at
a proportion of 1% mL$g–1. Mice were given daily
intraperitoneal injections of NPs for 7 days continuously.
The time of intraperitoneal injections was limited between
12:00 and 13:00 every day.

Preparation and characterization of Fe3O4 NPs

Fe3O4 NPs (diameter< 50 nm) were suspended in PBS (pH
7.5) to create solutions with concentration of 10, 20, and 40
mg$mL–1 as required. Normal Fe3O4 particles (microscale
diameter) were suspended in PBS (pH 7.5) to obtain a
solution with 40 mg$mL–1 concentration. A sonication time
of 20 min was used only before each injection to make the
solution homogeneous. The diameters of NPs and the crystal
appearance were determined by scanning electron micro-
scopy (SEM).

Sample preparation

The mice were sacrificed at noontime on the eighth day. Their
brains and livers were quickly separated and rinsed with ice-
cold PBS (0.01 mol$L–1, pH 7.5). All livers and brains were
quickly dried, weighed and homogenized with 10 mL$g–1 ice-
cold PBS (pH 7.5) using a homogenizer (about 0.3 g of tissue)
on ice. The supernatants were then collected by centrifuging
the homogenate at 104 � g and 4 °C for 10 min, and this
supernatant was used to measure ROS, GSH, and MDA.

ROS assay

About 100 μL of the supernatant diluted 40� with PBS (pH
7.5) was transferred to a 96-well microplate. Then, 100 μL of
5 μmol$L–1 DCFH-DA was immediately added to the
microplate, which was slightly shaken and kept from light
for 10 min. The fluorescence of dichlorofluoroscein (DCF),
the oxidized product of DCFH-DA that can indicate the level
of the ROS in a cell, was measured using a microplate
spectrofluorometer with an excitation of 485 nm and emission
of 525 nm (Elbekai and El-Kadi, 2005).
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GSH assay

GSH is a thiol that is the major cleaner of ROS in organisms.
GSH contains sulfhydryl that can react with DTNB to
produce yellow compounds in the dark (Anderson, 1985).
Measurement of the absorbance of yellow compounds (TNB)
within the wavelength range of 405 and 414 nm can enable
the accurate estimation of GSH in a sample, thereby avoiding
disturbance from proteins with thiols. The supernatant was
added to the organic solvent (1:3 butyl alcohol: trichlor-
omethane) to precipitate the proteins. After mixing, centrifu-
gation was performed at 104 rpm for 5 min. About 50 μL of
the supernatant was transferred to a 96-well microplate,
quickly added with 150 μL of 60 μg/mL DTNB solution, and
kept in darkness for 5 min. The absorbance value of TNB was
analyzed at a wavelength of 412 nm. Based on the standard
curve, the GSH concentration was calculated.

MDA assay

At high temperatures (90–100 °C), the reaction of MDA and
TBA results in an MDA-TBA adduct and can be measured
colorimetrically at 530–540 nm under acidic conditions.
Thus, 0.4 mL of tissue supernatant was mixed with 0.6%
TBA solution (dissolved in 1 mol/L NaOH and added with
10% TCA) in a centrifugal tube. After a 15 min bath in
boiling water, cooling on ice, and centrifuged at 104 � g for 5
min, supernatants were collected for absorbance measure-
ment at 450, 532, and 600 nm. The MDA concentration was
calculated according to the formula C (μmol/L) = 6.45 (A532 –

A600) – 0.56A450.

Statistical analysis

All data shown in this paper are expressed as the mean±
standard error of the mean and analyzed and plotted using
Origin 6.0 software. Both one-way ANOVA and Tukey’s test
were applied to evaluate significant differences between
groups. p< 0.05 was considered to be statistically significant,
and p< 0.01 was considered to be very significant.

Results

After 7 days of continuous intraperitoneal injection of the
different concentrations of Fe3O4 NPs and normal Fe3O4

particles in the mice for 1 week, the characteristics of Fe3O4

NPs, ROS levels, GSH content, MDA quantity, and DNA–
protein cross-links coefficients of mouse hepatic and brain
cells were determined. Results are shown in Figs. 1 to 6.

Characterization of Fe3O4 NPs

To characterize the appearance of Fe3O4 NPs used in the
experiment, the crude particle appearance and dispersive

diameter were detected. As shown in the SEM image in
Figure 1, the particles were smoothly spherical. After
ultrasonication dispersal, the distribution of particle diameters
was observed, as shown in Fig. 2. A normal distribution curve
with an axis of 35 nm was obtained, and NPs with diameters
smaller than 50 nm were> 95%.

Generation of ROS

Compared with the blank control, ROS generation both in
brains and livers increased with increased Fe3O4 NP
concentration, and the ROS level significantly increased at
20 mg$kg–1$d–1 and 40 mg$kg–1$d–1 Fe3O4 NPs (p< 0.01).
Normal Fe3O4 particles at 40 mg$kg–1$d–1 concentration only
led to a significance change in the ROS level of hepatic cells
(p< 0.05), whereas the ROS level of brain issue did not

Figure 1 SEM image showing the crystal appearance of Fe3O4

NPs.

Figure 2 Size distribution of Fe3O4 NPs dispersed in phosphate-
buffered saline.
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significantly increase compared with the PBS control group.
Fe3O4 NPs obviously affected the hepatic cells.

GSH content

The GSH content at different concentrations of Fe3O4 NPs
and normal Fe3O4 particles are shown in Fig. 4. In livers, the
decrease in GSH level was significant at 20 mg$kg–1$d–1

Fe3O4 NPs and 40 mg$kg–1$d–1 normal Fe3O4 particles
(p< 0.05). The 40 mg$kg–1$d–1 Fe3O4 NP group was
associated with a very significant decrease in GSH content
(p< 0.01). The low-concentration Fe3O4 NP group did not
show significant difference. The trends were similar in the
brain, but the 20 mg$kg–1$d–1 Fe3O4 NPs showed a more
significant decrease in GSH content (p< 0.01).

MDA concentration

Figure 5 demonstrates that the MDA content increased with
increased concentration of Fe3O4 NPs in both livers and
brains. When the concentration increased to 40 mg$kg–1$d–1,
a very significant effect (p< 0.01) was observed both in livers
and brain. Compared with the blank control group, only a
slight effect was found upon exposure to normal Fe3O4

particles in both livers and brain. At the same concentration,
MDA increased more in Fe3O4 NPs than in normal Fe3O4

particles.

Discussion

The chemical composition and morphology of a material
crucially affect its chemical and physical properties. Mor-

Figure 3 Effects of different concentration of NPs and normal
Fe3O4 particles with a concentration of 40 mg$kg–1$d–1 (right-
hand most) on the levels of ROS in mouse livers (A) and brains
(B). *p< 0.05 and **p< 0.01, compared with the blank control
group. Notes: n indicates NPs, and p indicates normal particles.

Figure 4 Effects of different concentration of NPs and normal
Fe3O4 particles at a concentration of 40 mg$kg–1$d–1 (right-hand
most) on the GSH content in mouse livers (A) and brains (B).
*p< 0.05 and **p< 0.01, compared with the blank control group.
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phology includes geometric shape, granularity, and particle
distribution. In this study, the effects of normal Fe3O4

particles and Fe3O4 NPs on mouse liver and brain were
compared in terms of their composition and particle size.

Particle size is a very important factor affecting NP
cytotoxicity. No effect was detected at 100 mg$kg–1

with≥300 nm nano-SiO2, whereas liver damage already
occurs at 30 mg$kg–1 with smaller-sized nano-SiO2 (Nishi-
mori et al., 2009). Single-walled carbon nanotubes are more
toxic than multi-walled carbon nanotubes (Jia et al., 2005). A
study on mice contaminated with different sizes of Fe2O3

particles shows that nano-Fe2O3 can markedly decrease
pathological response (Zhu et al., 2008). In the present study,
ordinary Fe3O4 had less influence than Fe3O4 NPs at the same
concentration. Thus, the size of Fe3O4 particles is critical to
the toxicity of such particles.

Many reports have shown that NPs can give rise to stress

reaction and lead to oxidative damage (Kim et al., 2009;
Tedesco et al., 2010; Piao et al., 2011; Novotna et al., 2012).
In the current work, we determined the toxicity of a material
by detecting oxidative damage in mouse liver and brain after
exposure to NPs. Figure 3 shows that in contrast to the PBS
control group, increased Fe3O4 NP concentration showed
obviously increased ROS level. Moreover, the ROS level and
NP concentration had an obvious dose–effect relationship and
the increasing trend in the liver was more obvious. One
explanation for the increase in ROS was that after the Fe3O4

NPs entered the body through intraperitoneal injection, the
NPs were regarded as exogenous substances and induced
some reactions in the body. Consequently, the balance in the
body was broken, so the production of ROS exceeded the
clearance ability of the body and ROS began to accumulate.
NPs can pass organ barriers such as the blood–brain barrier
(Borm and Kreyling, 2004), so Fe3O4 NPs can lead to more
serious oxidative stress than normal Fe3O4 particles in the
brain. Figure 3 shows that the ROS level at 20 mg$kg–1$d–1

Fe3O4 NPs obviously overtopped the ROS level at
40 mg$kg–1$d–1 normal Fe3O4 particles in the brain. The
former can induce a very significant change (p< 0.01)
compared with the PBS control group, but the latter only
slightly changed compared with the PBS control group. Thus,
Fe3O4 NPs can easily accumulate in the brain and induce
more substantial damage than normal Fe3O4 particles. MDA
content is a secondary indicator of oxidative damage; when
ROS damages lipids, MDA increases. Similar to ROS,
obvious dose–effect relationships (p< 0.05 or p< 0.01) were
observed between Fe3O4 NP concentrations and MDA
content. Figure 5 shows an obvious increase in MDA content
at 40 mg$kg–1$d–1 Fe3O4 NPs in the brain. By contrast,
normal Fe3O4 particles showed only slight changes in MDA
content in the brain at the same concentration. The results can
also lead to the same aforementioned conclusion, i.e., NPs
accumulated to a degree that can pass the blood–brain barrier
to inflict damage to the brain. The reduction in GSH showed
that the proteins fighting oxidative stress decreased because
of the lack of proteins that can clear ROS, and protein
dysfunction may have occurred. Figure 4 shows that different
from the effect on the liver, the particle size had greater effects
on brain than liver. In the brain, 20 mg$kg–1$d–1 Fe3O4 NPs
can induce a very significant change (p< 0.01), but
40 mg$kg–1$d–1 normal Fe3O4 particles showed a significant
change (p< 0.01). These results demonstrated that the Fe3O4

NPs definitely induced more damage than normal Fe3O4

particles, especially in the brain. The low concentration of
Fe3O4 NPs (20 mg$kg–1$d–1) can induce only limited ROS
including superoxide anion, hydrogen peroxide, and hydroxyl
radical. Correspondingly, GSH excited in the cytoplasm can
clear the excess ROS.

Results showed that at 20 mg$kg–1$d–1 NPs, the ROS level
in the liver showed a very significant difference from the PBS
control group (p< 0.01). However, GSH in the liver only
showed a significant difference (p< 0.05), and MDA in the

Figure 5 Effects of different concentration of NPs and normal
Fe3O4 particles at a concentration of 40 mg$kg–1$d–1 (right-hand
most) on the MDA concentration in mouse livers (A) and brains
(B). *p< 0.05 and **p< 0.01, compared with the blank control
group.
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liver did not show an obvious difference from the PBS control
group (p> 0.05). When foreign substances invade the body,
the first reaction is the accumulation of ROS, so the change in
ROS is the most obvious and the significant difference
emerges first. Then, the accumulation of ROS can change the
GSH and MDA contents, so ROS level is the most sensitive
indicator of oxidative damage among the three. With
increased concentration, the significance of GSH and MDA
can be gradually observed. GSH comparison between liver
and brain at 20 mg$kg–1$d–1 Fe3O4 NPs exceeded our
expectation. The reason may be that the brain is more
sensitive to changes in the internal environment than the liver.
Thus, under the condition of low toxicity, the brain can
produce a stronger signal.

Conclusions

The cytotoxicity of Fe3O4 on mouse hepatic and brain cells in
vivo was studied. The following conclusions were drawn after
analyzing the experimental results. First, results of ROS,
GSH, and MDA demonstrated obvious dose–effect relation-
ships (p< 0.05 or p< 0.01) between Fe3O4 NP concentra-
tions and ROS level, GSH content, and MDA content in
mouse hepatic and brain tissues. When the concentration was
10 mg$kg–1$d–1, Fe3O4 NPs also exerted some detectable
effects. Second, among the three biomarkers, ROS was the
most sensitive indicator and oxidative damage was first
presented by ROS. Third and last, ordinary Fe3O4 had less
influence than Fe3O4 NPs at the same concentration, so the
particle size was very closely related to the toxicity of
particles.
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