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ABSTRACT
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Magnetite nanoparticles (Fe3O4 NPs) are a well proven biocompatible nanomaterial,
which hold great promise in various biomedical applications. Interestingly,
unlike conventional biocompatible materials (e.g., polyethylene glycol (PEG))
that are chemically and biologically inert in nature, Fe3O4 NPs are known to be
catalytically active and exhibit prominent physiological effects. Herein, we report
an “active”, dynamic equilibrium mechanism for maintaining the cellular amenity
of Fe3O4 NPs. We examined the effects of two types of iron oxide (magnetite
and hematite) NPs in rat pheochromocytoma (PC12) cells and found that both
induced stress responses. However, only Fe2O3 NPs caused significant programmed
cell death; whereas Fe3O4 NPs are amenable to cells. We found that intrinsic
catalase-like activity of Fe3O4 NPs antagonized the accumulation of toxic reactive
oxygen species (ROS) induced by themselves, and thereby modulated the extent
of cellular oxidative stress, autophagic activity, and programmed cell death.
In line with this observation, we effectively reversed severe autophagy and cell
death caused by Fe2O3 NPs via co-treatment with natural catalase. This study
not only deciphers the distinct intrinsic antagonism of Fe3O4 NPs, but opens
new routes to designing biocompatible theranostic nanoparticles with novel
mechanisms.
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1

Introduction

Biosafety of nanoparticles (NPs) has received widespread
attention, with the increasing applications of nanomaterials in bio-imaging, diagnostics, and biomedicine
[1–5]. Intuitively, design of “inert” NPs that do not
possess prominent activities and minimally perturb
physiological environments represents an effective
approach for achieving biocompatibility [6–8]. For
example, polyethylene glycol (PEG) that has minimal
immunogenicity and protein adsorption is often
employed to coat NP surfaces in the manufacture of
various types of biocompatible NPs [9, 10]. Nevertheless,
PEGylation also sequesters NPs, which might reduce
or even block beneficial “nanoscale effects” under
certain circumstances [11, 12]. In addition, easy
degradation of PEG in vivo poses concerns regarding
long-term stability of biocompatible NPs [13, 14].
Iron oxide (Fe3O4) NPs are a type of unique nanomaterials with superior biocompatibility in their native
form [15], which forms the basis for their widespread
application in diagnostics and therapeutics [16–22].
Interestingly, more recent studies revealed that Fe3O4
NPs possess intrinsic enzyme-like activity, which
can catalyze the decomposition of H2O2 to water and
oxygen, resembling catalase [23, 24]. We found that
internalized Fe3O4 NPs preserved their catalase-like
activity in cells and in vivo, which subsequently
reduced intracellular oxidative stress and protected
against neurodegeneration in Drosophila [25]. In view
of these observations, catalytically active Fe3O4 NPs
have a novel mechanism for their biocompatibility
that is distinctly different from conventional “inert”
NPs. In this work, we investigated cellular effects
of two types of iron oxide (Fe3O4 and α-Fe2O3) NPs.
Although they share similar physical properties,
Fe3O4 NPs are remarkably more amenable to cells than
α-Fe2O3 NPs. We found that Fe3O4 NPs significantly
delayed production of toxic reactive oxygen species
(ROS) because of the antagonism of their intrinsic
catalase-like activity, which alleviated the extent of
autophagy and programmed cell death (Scheme 1).

2

Results and discussion

We chose two types of iron oxide nanoparticles (Fe3O4

Scheme 1 Intrinsic antagonism of Fe3O4 NPs restrains their
induction of autophagic cell death. Endocytic Fe3O4 NPs and Fe2O3
NPs both induce ROS production. ROS levels in Fe2O3 NP-treated
cells rose rapidly over the threshold of irreversible autophagy
and cell death. Fe3O4 NPs also stimulate ROS production and
autophagy as foreign particles. Simultaneously, they decompose
H2O2 with intrinsic catalase-like activity and antagonize ROS
accumulation. ROS levels in Fe3O4 NP-treated cells are kept under
the threshold of excessive autophagy and cell death.

NPs and α-Fe2O3 NPs) and compared their cellular
effects. Transmission electron microscopy (TEM) analysis
revealed that Fe3O4 NPs and α-Fe2O3 NPs had an
average diameter of 18.10 and 16.69 nm, respectively
(Fig. 1(a)). Dynamic light scattering (DLS) results
revealed that the hydrodynamic diameter of Fe3O4
NPs and α-Fe2O3 NPs increased to approximately 220
and 273 nm, respectively, in complete Dulbecco’s
modified Eagle’s medium (DMEM). Notably, both NPs
showed excellent stability and dispersibility in DMEM
for up to 6 h (Fig. 1(b)). However, Fe3O4 NPs and α-Fe2O3
NPs exhibited distinct enzymatic activities. Whereas
Fe3O4 NPs possess intrinsic catalase-like activity, α-Fe2O3
NPs showed no trace of catalase-like activity in an
analysis of their ability to decompose H2O2 (Fig. 1(c)).
We then compared the cellular uptake efficiency of
these two types of NPs. Differentiated rat pheochromocytoma (PC12) cells were incubated with 150 μg·mL–1
Fe3O4 NPs or α-Fe2O3 NPs for 24 h. Samples were
collected at various time points and the total amount
of intracellular iron was examined by inductively
coupled plasma-mass spectrometry (ICP-MS). The
two types of NPs showed nearly identical trends in
cellular uptake, as well as cellular accumulation, both
reaching plateaus after approximately 12 h (Fig. S1
in the Electronic Supplementary Material (ESM)).

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano

Research

2748

Nano Res. 2018, 11(5): 2746–2755

Apparently, the enzymatic capacity of Fe3O4 NPs did
not change their behavior in cellular uptake.
Next, we examined the cytotoxicity of Fe3O4 NPs and
α-Fe2O3 NPs in PC12 cells. Cellular metabolic activity

in PC12 cells was not modified after exposure to Fe3O4
NPs at concentrations less than 200 μg·mL–1 for up
to 48 h, indicating that Fe3O4 NPs were thoroughly
compatible with cell growth (Fig. 2(a)). The α-Fe2O3

Figure 1 Characterization and catalase-like activity of α-Fe2O3 and Fe3O4 NPs. (a) Particle size distribution statistics of 100 NPs and
TEM images of α-Fe2O3 (upper panel) and Fe3O4 NPs (lower panel). Scale bars: 50 nm. (b) Hydrodynamic diameter of Fe3O4 NPs and
α-Fe2O3 NPs in complete DMEM was determined by DLS analysis at indicated time points. The mean diameters and PDI values (in
brackets) are shown above the curves. (c) Photographs of O2 bubble production. A total of 150 mM H2O2 was incubated with
12 μg·mL–1 catalase, 100 μg·mL–1 α-Fe2O3 NPs or Fe3O4 NPs after 6 h.

Figure 2 Fe3O4 NPs exhibit superior biocompatibility than Fe2O3 NPs. (a) PC12 cells were treated with Fe3O4 NPs or Fe2O3 NPs at
indicated concentrations for 48 h and then analyzed for viability by MTT assays. (b) Cells were stained for Annexin V and 7-AAD, and
apoptotic cells were measured by FACS.
| www.editorialmanager.com/nare/default.asp
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NPs, however, appeared to be significantly more toxic.
Incubation with 150 μg·mL–1 of α-Fe2O3 NPs reduced
cellular metabolic activity to approximately 70%
after 24 h, which was further decreased to 55% after
48 h (Fig. 2(a) and Fig. S2(a) in the ESM). We further
quantified the percentage of apoptotic cells by
AnnexinV/7-aminoactinomycin D (7-AAD) staining and
subsequent flow cytometric analysis (FACS). No sign
of remarkably increased cell apoptosis was observed
when PC12 cells were incubated with Fe3O4 NPs.
Conversely, incubation with Fe2O3 NPs induced
approximate 66% of PC12 cells to undergo apoptosis
after 48 h (Fig. 2(b)). These results were supported
by the increase in protein levels of cleaved caspase-3,
which is also a well-known marker for apoptosis
(Fig. S2(b) in the ESM). In addition, consistent with
impaired mitochondrial activity, we observed substantial
severe mitochondrial damage in Fe2O3 NP-treated cells
by TEM examination. Mitochondria with collapsed
cristae structures were observed in α-Fe2O3 NP-treated
cells (Fig. 3(a)). The superior biocompatibility of Fe3O4
NPs was not specific to PC12 cells. In an assay using
human breast adenocarcinoma MCF-7 cells, Fe2O3 NPs
impaired cell viability at concentrations greater than
50 μg·mL–1, whereas 200 μg·mL–1 Fe3O4 NPs had no
adverse effects (Fig. S3(a) in the ESM). Taken together,
our results indicated that the endocytosed Fe3O4 NPs
did not cause significant mitochondrial stress or induce
apoptosis. Fe2O3 NPs, however, caused much more

damage to mitochondria and reduced cell viability.
In addition to apoptosis, autophagy is also a common
cellular stress response elicited by nanomaterials and
closely related to cytotoxicity [26–29]. We examined
the autophagic phenotype in Fe3O4 NP- and Fe2O3
NP-treated PC12 cells. We observed an increase in
protein levels and the cytoplasmic punctate LC3-II, a
marker of autophagosomes, in Fe2O3 NP-treated cells
(Fig. 3(a)). However, treatment of PC12 cells with
Fe3O4 NPs failed to cause accumulation of LC3-II
after 24 h, indicating that no apparent autophagy was
induced at this time point. Similar effects were observed
in MCF-7 cells (Fig. S3(b) in the ESM). Interestingly,
with incubation time prolonged to 48 h, Fe3O4 NPs
caused an increase of LC3-II levels, suggesting that
Fe3O4 NP treatment could induce autophagy, but with
a delayed response compared to Fe2O3 NPs (Figs. S4(a)
and S4(b) in the ESM).
We then investigated the time window of Fe3O4
NP-induced autophagy. PC12 cells were incubated
with 150 μg·mL–1 Fe3O4 NPs and analyzed at different
time points. The protein level of LC3-II started to
increase after about 32 h (Fig. S4(c) in the ESM). Because
the Fe3O4 NP-induced autophagy was much delayed
compared to that of Fe2O3 NPs at the same concentrations, we further investigated whether the capacity
for autophagy induction was dosage dependent. Even
after a 48 h incubation, considerable concentrations
of Fe3O4 NPs (150 μg·mL–1 or more) were needed to

Figure 3 Fe3O4 NP-induced autophagy is moderate and delayed. (a) Cells were treated with 150 μg·mL–1 Fe3O4 NPs or Fe2O3 NPs for
24 h and then analyzed for autophagy levels by immunoblotting (left) and immunostaining (middle) of LC3 proteins. Scale bar: 5 μm. In
the TEM images (right), typical structures of autophagic vacuoles and damaged mitochondria are indicated with white and red arrows,
respectively. (b) Cells were treated with 150 μg·mL–1 Fe2O3 NPs in the presence or absence of 5 mM 3-MA and then analyzed for cell
viability by MTT assays. Data are representative of three independent experiments. Asterisks indicate statistically significant differences
(**p < 0.01, ***p < 0.005) by Student’s t test.
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cause a significant increase in LC3-II (Fig. S5(b) in the
ESM). In comparison, as low as 10 μg·mL–1 Fe2O3 NPs
was enough to induce autophagy (Fig. S5(c) in the ESM).
These results were also confirmed by TEM analysis
(Fig. 3(a) and Fig. S4(b) in the ESM). Notably, images
from TEM revealed that both the formation of the
characteristic double-membrane structures and damaged
mitochondria were easily detected in α-Fe2O3 NP-treated
cells, whereas these effects occurred to a much lesser
extent in Fe3O4 NP-treated cells. More importantly,
the capability of autophagy induction was correlated
with cytotoxicity of nanoparticles. Pre-treatment with
3-methyladenine (3-MA), an inhibitor of autophagy
initiation, could markedly relieve the cytotoxicity of
α-Fe2O3, implying the contribution of autophagic cell
death in the cytotoxicity of α-Fe2O3 NPs (Fig. 3(b)).
ROS have been shown to play a critical role in
autophagy, in which they function as a signaling
molecule in starvation-induced autophagy [30, 31].
To test whether ROS also played a role in iron oxide
NP-induced autophagy, we measured ROS levels in
Fe3O4 NP- and Fe2O3 NP-treated cells. Both types of
iron oxide NPs caused significant increases in ROS
levels. However, ROS levels in Fe3O4 NP-treated cells
were approximately half of those in Fe2O3 NP-treated
cells. Pre-treatment of cells with N-acetyl-L-cysteine
(NAC), a cell permeable antioxidant and a potent
ROS scavenger, strikingly reduced NP-induced ROS
production (Fig. 4(a)). As a further study, we tested
the effect of NAC on autophagy. Pre-treatment with
NAC for 30 min significantly reduced the accumulation
of LC3-II protein in PC12 cells incubated with either
Fe3O4 NPs or Fe2O3 NPs, indicating less up-regulation
in the levels of autophagy (Fig. S6(a) in the ESM).
Similarly, punctate LC3 fluorescence was also decreased
by NAC pre-treatment (Fig. 4(b)). Hence, our results
support the notion that both types of iron oxide NPs
can trigger autophagy through enhancing intracellular
ROS production. There was a clear correlation between
ROS levels and the extent of autophagy and subsequent
programmed cell death. Therefore, distinct capacity
of Fe3O4 NPs and α-Fe2O3 NPs to induce cellular
oxidative stress may explain the discrepancy in their
biocompatibility.
Having established a direct link between ROS
production and subsequent autophagy activation

Figure 4 Enzymatic activity of Fe3O4 NPs restrained upregulation
of ROS and autophagy induction. PC12 cells were pre-incubated
in the presence or absence of 10 mM NAC for 30 min before
treatment with 150 μg·mL–1 Fe3O4 NPs or Fe2O3 NPs for 48 h, and
then measured for: (a) intracellular ROS levels by dichlorodihydrofluorescein (DCF) fluorescence intensity using a microplate reader.
Asterisks indicate statistically significant differences (***p < 0.005)
by Student’s t test. (b) Protein levels of LC3 by immunostaining.
Scale bar = 5 μm. Cells were treated with 150 μg·mL–1 Fe3O4
NPs or Fe2O3 NPs for 48 h and analyzed at the indicated time
points for: intracellular H2O2 and ROS levels by BES-Ac-H2O2 (c)
and DCF staining (d). Fluorescence intensity was measured using
a microplate reader.

induced by iron oxide NPs, we further explored
whether the intrinsic enzymatic activity of Fe3O4 NPs
was responsible for the lower ROS production and
low toxicity to PC12 cells. We tested this hypothesis
by examining the generation of H2O2 and total ROS
in both Fe3O4 NP- and Fe2O3 NP-treated cells. In a
recent study, we demonstrated that Fe3O4 NPs mainly
function as catalase in cellular environments and relieve
oxidative stress [25]. We monitored intracellular levels
of H2O2 and total ROS at different time points after
NPs treatment. Fe2O3 NPs and Fe3O4 NPs affected H2O2
levels in PC12 cells in very different ways (Fig. 4(c)).
After 12 h incubation, Fe3O4 NPs treatment had hardly
affected intracellular levels of H2O2, whereas Fe2O3
NPs treatment caused approximately a 50% increase
in H2O2 levels compared to that of untreated cells.
With prolonged incubation, the difference in H2O2
levels between Fe3O4 NP- and Fe2O3 NP-treated cells
became larger. The levels of H2O2 in Fe2O3 NP-treated
cells were two to three times as high as those in Fe3O4
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NP-treated cells at 24 and 48 h after incubation. Our
results indicated that Fe2O3 NPs treatment led to faster
accumulation of H2O2 in cells. Importantly, the effects
of Fe2O3 NPs and Fe3O4 NPs on total cellular ROS
levels in PC12 cells are highly similar to their effects
on H2O2 levels at various time points (Fig. 4(d)).
Therefore, the changes in total ROS levels by Fe2O3
NPs and Fe3O4 NPs were caused by the changes in
H2O2 levels caused by these nanomaterials. Because
Fe3O4 NPs can decompose H2O2 into H2O and O2 in
the cellular environment, this distinct activity can
account for its being a weak inducer of cellular ROS
compared to Fe2O3 NPs. The differences in the capacity
to generate intracellular H2O2 and ROS between Fe2O3
NPs and Fe3O4 NPs were confirmed by fluorescence
microscopic studies. Fe2O3 NPs treatment resulted in
a faster and stronger increase in fluorescence signals
from probes for intracellular H2O2 and total ROS,
indicating more efficient generation of oxidative stress.
In contrast, Fe3O4 NPs a had much milder stimulating
effect on the fluorescence signals, indicating moderate
production of H2O2 and ROS (Fig. S7 in the ESM). In
the case of Fe2O3 NP-treated cells, the intracellular
ROS levels increased so rapidly over time that it might
cross a threshold and cause irreversible autophagic
cell death. However, the intrinsic catalase-like activity
of Fe3O4 NPs antagonized ROS accumulation by
decomposing H2O2, and prevented the occurrence of
autophagic cell death in Fe3O4 NP-treated cells.
Next, we investigated the effect of natural catalase
on Fe2O3 NP-treated cells to further confirm that the
intrinsic activity of Fe3O4 NPs played a role in ROS
production and subsequent autophagy activation.
Co-treatment with catalase significantly inhibited the
upregulation of LC3-II levels induced by Fe2O3 NPs,
suggesting that Fe2O3 NP-mediated autophagic activity
was indeed alleviated by catalase (Fig. 5(a) and Fig. S6(b)
in the ESM). These results were further validated by
the microscopic study of punctate LC3-II. Co-treatment
with catalase resulted in a significant reduction of
LC3-punctate at both 24 and 48 h, indicating that
the elimination of H2O2 helped to weaken autophagy
activation (Fig. 5(b) and Fig. S6(c) in the ESM).
Furthermore, incubation with catalase or NAC, both of
which were potent ROS scavengers, could significantly
rescue decreased cell viability caused by Fe2O3 NPs
(Fig. 5(c) and Fig. S8 in the ESM). These results

Figure 5 Effect of catalase on Fe2O3 NP-induced autophagy
and cell death. PC12 cells were pre-treated in the presence or
absence of 1,000 U·mL–1 catalase overnight before incubation
with 150 μg·mL–1 Fe2O3 NPs for 24 h and analyzed for levels
and distribution of LC3 protein by immunoblotting (a) and
immunostaining (b). Scale bar = 5 μm. (c) Cells were treated with
150 μg·mL–1 Fe2O3 NPs in the presence or absence of 10 mM NAC
or 1,000 U·mL–1 catalase and then analyzed for cell viability
by MTT assays. All data are representative of three independent
experiments. Asterisks indicate statistically significant differences
(**p < 0.01) by Student’s t test.

suggested that catalase and NAC ameliorated autophagy
induction and autophagic cell death in Fe2O3 NP-treated
cells through decomposing H2O2 and reducing ROS
levels. Taken together, our results demonstrated that
co-treatment with Fe2O3 NPs and catalase resulted in
very similar cellular effects and cell fate as treatment
with Fe3O4 NPs alone. Therefore, the distinctive effect of
Fe3O4 NPs on autophagy induction and programmed
cell death required their intrinsic catalase-like activity.

3 Conclusion
Nanomaterials exert various cellular effects, including
altered metabolic activities, proliferation, differentiation,
and cell death. Among these phenotypes, cell death, as
the most obvious evidence of cytotoxicity, has been
extensively studied [32–34]. Apoptosis has often been
reported as a consequence of NP-induced stress, such
as upregulation of ROS and mitochondrial damage
[35]. Recently, autophagy has been discovered as an
essential cellular process and a novel biological effect
of nanomaterials [29, 36, 37]. Autophagy can help cells
to survive some stress conditions, such as nutrient
and oxygen depletion [38]; however, autophagy can
also promote autophagic cell death in severe damage
situations [39, 40]. The physiological relevance of the
autophagy–apoptosis crosstalk is not fully understood,
but it is presumed to facilitate cellular responses to
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NP-induced stress [41, 42]. However, the distinct extent
of autophagy and apoptosis and their mechanistic
link to endocytosed NPs is largely elusive. In this
study, we showed that Fe2O3 NPs induced high
levels of ROS accumulation, accompanied by severe
mitochondrial dysfunction, unusually high autophagic
activity and ultimately, programmed cell death. Our
results also indicated that NP-induced autophagy
contributed to programmed death, because treatment
with an autophagy inhibitor (3-MA) could partially
rescue viability in Fe2O3 NP-treated cells. ROS-induced
metabolic stress forms the driving force for autophagy
or cell death in nanotoxicity [36]. Excessive and consistent ROS production may serve as an essential signal
to induce autophagic cell death [43, 44]. We found
that Fe2O3 NPs exhibited cytotoxicity by inducing
unusually high levels of ROS and cell death; whereas
Fe3O4 NPs caused much milder effects regarding ROS
accumulation, autophagy induction, and cell death,
and thereby appeared to be amenable to PC12 cells.
In addition, ROS scavengers, such as NAC and catalase,
could efficiently alleviate the extent of ROS induction,
autophagy, and cell death caused by Fe2O3 NPs. Our
data illustrated for the first time how endocytosed
Fe3O4 NPs, which served as both autophagy activator
and ROS scavenger, maintained the delicate balance
between ROS production and H2O2/ROS clearance.
Because increased ROS levels are commonly observed
upon endocytic uptake of NPs, our study presents a
novel mechanism of dynamic equilibrium to improve
the biocompatibility of nanomaterials by introducing
anti-oxidative properties. Different from the traditional
use of “inert” coating, the new strategy of “active”
modification holds great potential for designing
long-term biocompatible materials with unprecedented
flexibility and versatility.

4

Experimental methods

4.1 Chemicals and materials
Fe3O4 NPs modified with carboxylic acid were from
Najing Technology Co. Ltd. Carboxylic acid stabilized
α-Fe2O3 NPs, catalase, N-acetyl-cysteine, thiazolyl blue
tetrazolium bromide (MTT), mitochondria isolation kits,
and primary antibody of glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) were purchased from SigmaAldrich Co. The 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) was from Molecular Probes. The BESH2O2-Ac probe was from WAKO Co. Ltd. Annexin
V-APC and 7-AAD were from BD Biosciences Co. Ltd.
DMEM and fetal bovine serum (FBS) were purchased
from Invitrogen. Primary antibodies against LC3
and COX IV were from Novus Biologicals. Primary
antibodies against P62 and cytochrome c were
purchased from Abcam (Cambridge, MA, USA).
horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibody was purchased from KPL.
Enhanced luminol-based chemiluminescent substrate
(ECL) solutions and the polyvinylidene difluoride
(PVDF) membrane were from Millipore.
4.2 Characterization of Fe3O4 NPs and α-Fe2O3 NPs
For TEM, a solution containing surface-carboxylated
Fe3O4 NPs and α-Fe2O3 NPs was placed on carbon
coated copper grids to evaporate excess solvent, and
they were examined with TEM (Jeol 2010, 200 KV).
The apparent hydrodynamic size of Fe3O4 NPs and
α-Fe2O3 NPs in completed DMEM was measured
using a Zetasizer (nano ZS90, Malvern Instruments).
4.3 Cell culture
The differentiated rat PC12 cell line obtained from
Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai) was grown in DMEM with
10% heat-inactivated FBS and antibiotics (100 g·mL–1
of streptomycin and 100 g·mL–1 of penicillin) at 37 °C
within a humidified atmosphere (5% CO2).
4.4 Cytotoxicity analysis
Cytotoxicity was measured by the MTT assay. Briefly,
cells were seeded in 96-well plates and incubated
overnight to reach ~ 80% confluency. Varying concentrations of iron oxide NPs (10–200 μg·mL–1) were
incubated with cells for 24 and 48 h at 37 °C. Then,
20 μL of 5 mg·mL–1 MTT solution was added to each
well, followed by 4 h incubation at 37 °C. Cells were
lysed with 10% acid sodium dodecyl sulfate (SDS)
solution (pH 2–3). After centrifugation, the absorbance
of the supernatant was determined at 570 nm using
a microplate reader (Bio-Rad 680, USA).
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Cells were seeded in 6-well plates and cultured
overnight. After exposure to NPs for 24 and 48 h at
37 °C, cells were harvested and stained with Annexin V
and 7-AAD according to the manufacturer’s protocol.
Apoptosis was then estimated by flow cytometry
(FACS Calibur, BD Biosciences).

LC3B primary antibody (1:200) was then added and
incubated 1 h at room temperature. After washing,
cells were treated with fluorescein isothiocyanate
(FITC)-labeled secondary antibody for 1 h. After staining
with 3 μg·mL–1 Hoechst 33258 for 5 min, coverslips
were washed again and mounted using DAKO
fluorescence mount. Images were acquired using a
laser confocal microscope (Leica TCS SP8).

4.6

4.10 TEM image analysis

4.5

Flow cytometric analysis

Mitochondria isolation

Intact cell mitochondria were isolated by differential
centrifugation using a mitochondrial isolation kit
(Sigma, St Louis, MO, USA). Mitochondrial yield was
expressed as mitochondrial protein content normalized
to total cellular protein content.
4.7 Cellular uptake of iron oxide NPs
Cells were treated with 150 μg·mL–1 Fe3O4 NPs or
α-Fe2O3 NPs and collected at various time points. The
cell pellet was resuspended in 2% HNO3 and the
amount of iron was measured by ICP-MS (X7 series
from Thermo Fisher Scientific). A suspension of
untreated cells was used as the matrix.
4.8 Westem blotting
PC12 cells were harvested using the SDS-loading
sample buffer, and boiled. Protein samples were then
analyzed by 12% SDS-polyacrylamide gel electrophoresis
(PAGE) and blotted to PVDF membranes. The blots
were blocked for 30 min using 5% non-fat milk in
phosphate buffered saline with 1% Tween 20 (PBST)
buffer (0.1% Tween 20) and then incubated overnight
at 4 °C with the indicated primary antibodies. After
washing three times with PBST, the blots were probed
with a goat anti-rabbit HRP secondary antibody. The
membranes were developed using the chemiluminescent
HRP substrate (Millipore) and visualized by the
bio-imaging system (Syngene G: Box).
4.9

Immunostaining

Cells were cultured on coverslips and were fixed
with 4% paraformaldehyde for 15 min. After being
washed with phosphate buffered saline (PBS) three
times, cells were treated with blocking solution (1%
bovine serum albumin (BSA) in PBS) for 30 min.

For TEM images of cells, PC12 cells were seeded
in 10-cm wells at the density of 4 × 106 cells per
well, cultured at 37 °C for 24 h, and incubated with
150 μg·mL–1 Fe3O4 NPs or α-Fe2O3 NPs for 24 and
48 h before collection. Cells were washed with PBS
before collection by centrifugation, fixed with 2.5%
glutaraldehyde in PBS, fixed in 1% osmium tetroxide,
dehydrated, and cut into ultra-thin sections. The
sections were stained with uranyl acetate and lead
citrate and observed using TEM (JEOL-1230; JEOL,
80 KV).
4.11 Measurement of ROS and H2O2 levels
Intracellular ROS levels were measured with DCFHDA. Intracellular H2O2 levels were detected by
BES-H2O2-Ac. Cells were incubated with 10 μM
DCFH-DA for 10 min or 50 μM 3'-O-acetyl-6'-Opentafluorobenzenesulfonyl-2'-7'-difluorofluorescein
(BES-Ac-H2O2), a probe for cell-derived H2O2 for 1 h
at 37 °C. Fluorescence was measured using a fluorimeter
(495 nm excitation or 520 nm emission, Bio-Rad 680).
Live cell imaging was performed using a Leica TCS SP8
confocal microscope equipped with a live cell incubator.
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