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Magnetic iron oxide nanoparticles (MIONPs) must be biocompatible, and a thorough knowledge on
their potential cytotoxicity is crucial for their biomedical applications. However, the detailed study
about the effects of iron oxide nanoparticles on cell viability, cell morphology, and cellular uptake of
different mammalian cells is still insufficient. In this paper, comparative cytotoxicity study of uncoated
magnetite nanoparticles at different concentrations was performed on human cervical cancer cell
line (HeLa) and immortalized normal human retinal pigment epithelial cell line (RPE). The size,
structure, and magnetic behavior of the MIONPs were characterized using transmission electron
microscopy (TEM), X-ray diffractometry (XRD), and vibrating sample magnetometry (VSM) respec-
tively. After 24-hour incubation with the MIONPs, the cell viability was determined by live/dead
assay, the cell morphology at high magnification was observed under scanning electron microscopy
(SEM), and the cellular uptake of MIONPs was measured under TEM and verified by energy-
dispersive X-ray spectroscopy (EDX) analysis. Our results indicate that the uncoated MIONPs at a
high concentration (0.40 mg/ml) were toxic to both HeLa and RPE cells. However, the cytotoxicity
of uncoated MIONPs at low concentrations was cell-type specific, and RPE cells were more sus-
ceptible to these MIONPs than HeLa cells. The effects of the MIONPs on cell morphology and the
nanoparticles uptake also showed different features between these two cell lines. Hence cell type
should be taken into consideration in the in vitro cytotoxicity study of uncoated MIONPs. Addition-
ally, it should be noticed that the cell morphological changes and the uptake of nanoparticles can
take place even though no toxic effect of these MIONPs at low concentrations was reflected in the
traditional cell viability assay.
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1. INTRODUCTION

Magnetic iron oxide nanoparticles (MIONPs) have at-
tracted increasing interests in many biomedical areas, such
as magnetic resonance imaging (MRI) contrast enhance-
ment,1–3 cell labeling,4�5 magnetofection,6 drug delivery,7�8

and magnetic hyperthermia.9�10 Magnetic nanoparticles are
considered to be biocompatible until recent studies calling

∗Author to whom correspondence should be addressed.

it into question. Various degrees of cell death induced by
magnetic nanoparticles have been found in human dermal
fibroblasts,11–15 mouse fibroblast cells,16–19 human umbil-
ical vein endothelial cells,20 and rat pheochromocytoma
cells.21

Iron oxide nanoparticles are usually coated with inor-
ganic materials and organic materials, such as silica, gold,
dextran, polyethylene glycol (PEG), polyvinyl alcohol
(PVA), alginate, chitosan, and other polymers.22 The coat-
ing can improve the stability of nanoparticles in solution,

J. Nanosci. Nanotechnol. 2012, Vol. 12, No. xx 1533-4880/2012/12/001/008 doi:10.1166/jnn.2012.6755 1



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Comparative In Vitro Cytotoxicity Study on Uncoated Magnetic Nanoparticles Li et al.

enhance the bonding of various biological ligands to
nanoparticle surfaces, and ensure the biocompatibility of
nanoparticles. However, the coating of nanoparticles may
be damaged during the process of applications. For exam-
ple, the ZnS shell of nanoparticles can be ruptured when
the oral ingestion exposes the material to the low pH envi-
ronment of the stomach.23 It was also reported that the
dextran shells on nanoparticles can be broken down upon
cell internalization.24 These situations may expose the tox-
icity of uncoated iron oxide nanoparticles which are the
common cores used in magnetic nanoparticle manufactur-
ing. Thus the biocompatibility study on uncoated MIONPs
is very important and it will facilitate further applications
of MIONPs in the biomedical areas.25–27

However, the uptake and biocompatibility of nanoparti-
cles are not only dependent on the particle size and surface
but also related to the cell type.28 For instance, Xia and
co-workers demonstrated that NH2-labeled polystyrene
nanospheres were highly toxic in macrophage (RAW
264.7) and epithelial (BEAS-2B) cells, while human
microvascular endothelial (HMEC), hepatoma (HEPA-1),
and pheochromocytoma (PC-12) cells were relatively
resistant to nanoparticle injury.29 So it is necessary to study
the respective cellular responses of different cell lines to
the same kind of magnetic nanoparticle.
In this study, the biological responses of the two cell

lines to the uncoated MIONPs were investigated. These
two cell lines were the cervical cancer cell line (HeLa)
and the immortalized normal human cell line (RPE, reti-
nal pigment epithelial). The main reason for choosing
these two cell lines is because both of them are often
exposed to magnetic nanoparticles in many situations. For
example, the tumor drug delivery by magnetic nanoparti-
cles has raised extensive interests. Kohler et al. prepared
methotrexate-modified superparamagnetic nanoparticles to
target human cervical cancer cells.30 Magnetic nanopar-
ticles have also been introduced in eye drops as clinical
therapy to treat cancers.31 In this case, the nanoparticles
should be biocompatible with normal retinal cells.20�32

Since tagging may alter the characteristics and tox-
icity of nanoparticles,25 the uncoated MIONPs used in
this experiment were not functionalized. We characterized
these MIONPs by using transmission electron microscopy
(TEM), X-ray diffractometry (XRD), and vibrating sam-
ple magnetometry (VSM), examined their toxicity on cell
viabilities by live/dead assay, and compared the cell mor-
phological changes and the nanoparticle uptake induced in
the RPE cells with the HeLa cells.

2. EXPERIMENTAL DETAILS

2.1. Magnetic Iron Oxide Nanoparticles

The MIONPs (Fe3O4, 99.5%, 25 nm, spherical) pur-
chased from Nanostructured and Amorphous Materials
(USA) were used in this work. TEM (Philip Tecnai G2

20 S-TWIN) operating at 200 kV accelerating potential
was used to observe the structures and dimensions of
the nanoparticles. The XRD pattern of these nanoparticles
was obtained using X-ray diffractometer (Mac Science,
MXP-3) over the 2 theta range of 20 to 80 degrees. The
magnetic measurement of these nanoparticles was carried
out by VSM (Lakeshore 7400) at room temperature.

2.2. Cell Culture and Treatment

HeLa cells were maintained in DMEM medium (Invitro-
gen) supplemented with 10% fetal bovine serum (FBS,
Invitrogen), penicillin (50 U/ml, Invitrogen), and strepto-
mycin (50 �l/ml, Invitrogen). RPE cells were maintained
in DMEM/F12K (50:50) medium supplemented with 10%
fetal bovine serum (FBS, Invitrogen), penicillin (50 U/ml,
Invitrogen), and streptomycin (50 �l/ml, Invitrogen). The
cells were grown and maintained in 5% CO2 humidified
incubator at 37 �C.
The MIONPs were freshly dispersed in the cell culture

medium by sonication for 30 minutes and vortexed for
15 seconds at room temperature. Then they were diluted
into different concentrations (0.01 mg/ml, 0.05 mg/ml,
0.20 mg/ml, and 0.40 mg/ml). In the treatment groups,
HeLa cells and RPE cells were cultured in medium with
the MIONPs for 24 hours. After that, live/dead assay, SEM
and TEM observations were performed. Cells incubated in
culture medium without the MIONPs served as the control
group in each experiment.

2.3. Cell Viability Assay

Cells were seeded at a density of 5 × 103 cells/well
in 96-well plates and grew overnight. The cells were
then treated with various concentrations of MIONPs
(0–0.40 mg/ml). After another 24 hours, the live/dead via-
bility/cytotoxicity kit for mammalian cells (Invitrogen) was
used. The cells were incubated with calcein AM (2 �M)
and ethidium homodimer-1 (EthD-1, 4 �M) for 30–45 min-
utes at room temperature. The fluorescent images of five
random fields in each well were taken by Image Xpress
Micro (Molecular Devices), and a total of at least 200 cells
were counted in each area using ImageJ. The total cell
number was normalized to the control group treated with
no MIONPs in the culture medium.

2.4. SEM of Cell Morphology

After 24-hour incubation with the MIONPs, the cells were
washed by sodium cacodylate buffer, and then fixed with
2.5% glutaraldehyde buffered in sodium cacodylate for
1 hour. The samples were washed with sodium cacody-
late buffer for 3 times, and dehydrated through a series
of alcohol concentrations (25%, 50%, 70∼75%, 90∼95%,
100%), and subjected to critical-point drying (Bal-Tec
CPD 030). The samples were then coated with gold and
examined by SEM (Hitachi S-4800 FEG).

2 J. Nanosci. Nanotechnol. 12, 1–8, 2012
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2.5. TEM Observation and EDX
Analysis of Cellular Uptake

After 24-hour incubation with the MIONPs, the cells were
washed by PBS, trypsinized, and then collected in 15 ml
centrifuge tubes. Cells were washed by sodium cacodylate
buffer, fixed with 2.5% glutaraldehyde buffered in sodium
cacodylate for 4 hour, then transferred to micro-centrifuge
tubes, and washed with sodium cacodylate buffer for
3 times. After that, the cells were stained in 1% osmium
tetroxide for 30 minutes, washed with sodium cacody-
late buffer for 3 times. Pre-warmed agar solution (60 �C)
was added onto the cell pellets. The cell pellets were cut
into four cubes and transferred into small glass bottles,
then dehydrated through a series of alcohol concentrations
(50%, 70%, 90%, and 100%), followed by propylene oxide,
and finally infiltrated with 1:1 epoxy resin/propylene oxide
mixture for overnight. The cell blocks were subsequently
filtrated with fresh epoxy resin for 1 hour 30 minutes at
37 �C, with the help of vacuum oven, then were embedded
in fresh epoxy resin in plastic capsules and polymerized at
60�C overnight. Ultrathin sections were cut using a Leica
Ultracut UCT, mounted on carbon-coated copper grids and
viewed without staining under TEM (Philips EM208s).
The presence of iron oxide nanoparticles was verified by
energy-dispersive X-ray spectroscopy (EDX) analysis.

2.6. Statistical Analysis

All the data were presented as means± standard devia-
tions. Statistical significance was determined by one-way
analysis of variance (ANOVA).

3. RESULTS AND DISCUSSION

To evaluate the physical properties of the MIONPs, the
uncoated Fe3O4 nanoparticles were examined under TEM.
The iron oxide nanoparticles showed a spherical mor-
phology and an average size of around 25 nm (Fig. 1).
The selected area diffraction pattern (the inset in Fig. 1)
shows a characteristic diffraction pattern of the magnetite
nanoparticles. The XRD pattern (Fig. 2) also indicates
the existence of Fe3O4 nanoparticles. Magnetic hysteresis
curve of the MIONPs was measured at room tempera-
ture by VSM. As shown in Figure 3, the coercivity of the
MIONPs is about 45 Oe at room temperature. A saturation
magnetization of 46 emu/g was measured, which is lower
than that of the bulk value of Fe3O4 (92 emu/g). Although
coercivity was exhibited by the MIONPs, the small rema-
nence of the MIONPs (Mr ∼ 0.09Ms� means that they do
not agglomerate in absence of an external field, in a way
similar to superparamagnetic nanoparticles.
To study the cytotoxicity of the MIONPs on mammalian

cells, standard evaluation of acute toxicity to the cells was
performed by using live/dead assay. Calcein AM can eas-
ily enter cells by diffusion and it is converted to calcein

Fig. 1. TEM bright-field image of the MIONPs. The inset shows a char-
acteristic diffraction pattern of the magnetite nanoparticles.

by the intracellular esterase which stains the live cells
green. The damaged or dead cells are stained red with
EthD-1. The fluorescent images of the HeLa cells and the
RPE cells after 24-hour exposure to the MIONPs are shown
in Figure 4. The total cell numbers of the HeLa cells and
the RPE cells were counted and normalized to the cor-
responding control groups (Fig. 5). The exposure to the
MIONPs resulted in a dose-dependent cytotoxicity on the
RPE cells after the initial 24-hour exposure to the MIONPs.
At the concentration range from 0.01 mg/ml to 0.40 mg/ml
of the MIONPs, the total numbers of the RPE cells sig-
nificantly decreased to around 86%, 75%, 64%, and 57%
of their control groups. On the other hand, the MIONPs
with lower concentrations did not show acute cytotoxic-
ity on the HeLa cells, which was also observed by other
researchers.27�33 Only when the concentration of MIONPs
increased to 0.40 mg/ml, the cell number of the HeLa cells

Fig. 2. XRD pattern of the MIONPs.

J. Nanosci. Nanotechnol. 12, 1–8, 2012 3
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Fig. 3. Magnetic hysteresis curve of the MIONPs measured by VSM
at room temperature. The saturation magnetization is 46 emu/g and the
coercivity is 45 Oe.

reduced significantly. This indicates that the MIONPs at
high concentration (0.40 mg/ml) were toxic to both the RPE
cells and HeLa cells, while the cytotoxicity of MIONPs at
low concentrations exhibited specificity to cell-type.
To study the cell morphological change in response to

the MIONPs, SEM images of the HeLa cells (Fig. 6)
and the RPE cells (Fig. 7) were captured after 24-hour
incubation with the MIONPs. It was observed that the
control HeLa cells showed well-spread morphology with
small microvilli on their surface (Fig. 6(a)). As the con-
centration of MIONPs increased from 0.05 mg/ml (inset of
Fig. 6(b)) to 0.40 mg/ml (inset of Fig. 6(c)), the nanopar-
ticles were observed to be bound on the cell surfaces.
There were more bound nanoparticles at higher MIONP
concentration as we can observe more nanoparticles bound

Fig. 4. Fluorescence images of HeLa cells and RPE cells treated with
no MIONPs (control), 0.05 mg/ml MIONPs and 0.40 mg/ml MIONPs
are shown in the left and right panels, respectively. Green fluorescence
signals indicate living cells and red fluorescence signals indicate dead
cells. (Objective magnification: ×10).

Fig. 5. Determination of relative cell numbers after 24-hour treatment
with different concentrations of the MIONPs (0–0.40 mg/ml). (n = 5,
∗p < 0�05 compared to control group of each cell line).

to the cells in Figure 6(c) than Figure 6(b). Microvilli
are a typical morphological feature of HeLa cells,34 the
MIONPs were found to stimulate the appearance and the
growth of microvilli on the cell surface (insets in Figs. 6(b)
and (c)). Similar phenomenon was also observed by Ho
and his co-workers.35 For the HeLa cells after treatment
with 0.40 mg/ml MIONPs, the cell number reduced signif-
icantly in the live/dead assay result (Fig. 5). Under SEM
observation, this cell number reduction of HeLa cells can
be observed along with the aberrations of cell morphology
(Fig. 6(c)). At higher magnification, it can be seen more
clearly that abundant microvilli projected from the cell sur-
face and intertwined with the MIONPs (Figs. 6(d)–(f)).
On the other hand, the MIONPs at lower concentrations
were found to be not acutely toxic to the HeLa cells in
the live/dead assay result (Fig. 5); however, they exhibited
significant influence on the cell behavior and stimulated
the appearance and growth of microvilli on the cell surface
(Fig. 6(b)). The observation of microvilli stimulated at low
concentrations of MIONPS indicates that the cell morpho-
logical changes can take place even though no toxic effect
of these MIONPs at low concentrations was reflected in
the traditional cell viability assay.
Under SEM observation, the control RPE cells were flat

and well-spread in Figure 7(a). In the treatment groups,
there were fewer microvilli on the RPE cell surfaces com-
pared to the HeLa cells, and no obvious intertwining
of microvilli with the MIONPs on the RPE cells was
observed. Instead, there were some “bumps” stimulated
on the RPE cell membranes after their incubation with
the MIONPs as shown in Figure 7(b). The MIONPs at
high concentration (0.40 mg/ml) caused large aberrations
of the cell morphology (Fig. 7(c)). On closer inspection,
the bumps on the RPE cell surface can be observed clearly
as indicated by the red arrows in Figures 7(d)–(f). It is
reported that the bumpy cell morphology is an indication
of nanoparticle uptake.12�36 Thus, the bumps appearing on

4 J. Nanosci. Nanotechnol. 12, 1–8, 2012
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Fig. 6. SEM images of the HeLa cells after 24-hour exposure to MIONPs. Cell morphology of HeLa cells incubated with (a) no MIONPs,
(b) 0.05 mg/ml MIONPs, and (c) 0.40 mg/ml MIONPs. Insets in (a), (b), and (c) are high magnification images of single HeLa cell in each group,
scale bar= 10.0 �m. The MIONPs and microvilli on the HeLa cells incubated with 0.40 mg/ml MIONPs were imaged with different magnifications
of (d) × 12 k, (e) ×18 k, and (f) ×40 k. In Figures 5(e) and (f), the red arrows indicated the MIONPs intertwined with the microvilli and attached on
the cell surface.

the RPE cell surfaces evidence the internalization of the
MIONPs which possibly led to the cell death.
The uptake of MIONPs into HeLa cells and RPE cells

can be visualized in TEM images and confirmed by EDX
measurements as shown in Figures 8 and 9. The EDX
analysis indicates that the “black dots” in the TEM images
contain the element of iron. The EDX results of the HeLa
cell (Figs. 8(b1)–(b3)) and the RPE cell (Figs. 9(b1) and
(b2)) are consistent with the presence of MIONPs that we

Fig. 7. SEM images of the RPE cells after 24-hour exposure to the MIONPs. Cell morphology of RPE cells incubated with (a) no MIONPs,
(b) 0.05 mg/ml MIONPs, and (c) 0.40 mg/ml MIONPs. In Figure 6(a), the RPE cells incubated with no MIONPs are flat and well spread. In Figure 6(b),
there are some bumps appearing on the RPE cell membrane when incubated with the MIONPs at a low concentration (0.05 mg/ml). In Figure 6(c),
large aberrations of the cell morphology were caused when the RPE cells incubated with the MIONPs at a high concentration (0.40 mg/ml). The bumps
on the RPE cells incubated with 0.40 mg/ml MIONPs were imaged with different magnifications of (d) ×4 k, (e) ×9 k, and (f) ×22 k. The red arrows
in Figures 6(d)–(f) indicate the bumps on the RPE cells and the MIONPs attached on the cell surface.

could observe at different sites of the HeLa cell (Fig. 8(b))
and RPE cell (Fig. 9(b)) on the TEM images. Thus, the
EDX analysis demonstrated the “black dots” are indeed
iron oxide particles, and confirmed the uptake of MIONPs
into HeLa cells and RPE cells.
However, the mechanism for the entry of MIONPs was

different for the HeLa cells and the RPE cells. The red
arrow in Figure 8(a1) and the site 2 circled in Figure 8(b)
show the attachment of MIONPs on the cell surface and the

J. Nanosci. Nanotechnol. 12, 1–8, 2012 5
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Fig. 8. TEM images and EDX results of the HeLa cells after 24-hour exposure to the MIONPs. (a) Low magnification image of single HeLa cell.
(a1) Enlarged TEM image of the selected area in (a). The red arrow indicates the intertwining between the MIONPs and the microvilli on HeLa cell
surface. (b) High magnification image of local area in HeLa cell. Site 1 includes only cell tissue, site 2 includes cell microvilli and MIONPs, and site
3 includes cell tissue and MIONPs. The (b1)–(b3) show the EDX results of site 1, site 2, and site 3 circled in (b) respectively, which confirm the
presence of MIONPs.

intertwining between the cell microvilli and the MIONPs,
which are consistent with the phenomena observed in the
SEM images (Figs. 6(e) and (f)). It can be observed that
some MIONPs were internalized into the HeLa cytoplasm
forming the vacuoles (site 3 in Fig. 8(b)). On the basis
of these observations, the entry of the MIONPs into the
HeLa cells can be attributed to endocytosis through the
microvilli.37 In contrast, there were fewer microvilli and
no obvious intertwining of microvilli with MIONPs was
found on the RPE cell surface. Therefore, it is unlikely that
the MIONPs enter the RPE cells through the microvilli.
As observed in Figure 9(a), the majority of MIONPs were
engulfed by the RPE cells, which indicates the entry of
MIONPs into the RPE cells was through phagocytosis.
In phagocytosis, phagocyte pseudopods move circumfer-
entially around the MIONPs until fusing at their distal
tips, and then the process is accompanied by the formation
of bumps on the RPE cell surfaces.38�39 The formation

of bumps can indeed be observed in the SEM images
(indicated by the red arrow in Figs. 7(d) and (e)) on the
RPE cells. The different mechanisms for the uptake of
MIONPs into HeLa cells and RPE cells should be one
of the important reasons why the RPE cells were more
susceptible to the MIONPs than the HeLa cells as shown
in the live/dead assay results. Previously, it was reported
that the uptake of MIONPs can result in cell morpholog-
ical changes,14 disruption of the cell membrane, disorga-
nized cell cytoskeleton,11�15 and eventual cell death.12 As
such, different uptake mechanism of MIONPs can result in
different cellular response because of different amount of
MIONPs uptake. As shown in Figure 8, the MIONPs inter-
nalized into the HeLa cells through microvilli via endo-
cytosis were smaller in size and less in amount than the
ones engulfed into the RPE cells. This can be the rea-
son for the HeLa cells showing higher tolerance with the
MIONPs. In contrast, the RPE cells could uptake more and

6 J. Nanosci. Nanotechnol. 12, 1–8, 2012
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Fig. 9. TEM images and EDX results of the RPE cells after 24-hour exposure to the MIONPs. (a) Low magnification image of a single RPE cell.
The inset shows the RPE cell suffering from particles overload. (a1) Enlarged TEM image of the selected area in (a). (b) High magnification image of
local area in RPE cell. Site 1 includes only cell tissue, and site 2 includes cell tissue and MIONPs. The (b1) and (b2) show the EDX results of site 1
and site 2 circled in (b) respectively, which confirm the presence of MIONPs.

bigger MIONPs through phagocytosis, and thus the RPE
cells were at higher risk of toxic effects from particle over-
load. The inset in Figure 9(a) shows the RPE cell suffered
from the internalized particles occupying near half of its
cell body. Thus, the cytotoxicity of the MIONPs showed
cell-type dependence, because of the different mechanism
for the entry of MIONPs into the HeLa cells and the RPE
cells.

4. CONCLUSION

In this work, the uncoated MIONPs at a high concentra-
tion (0.40 mg/ml) were toxic to both HeLa cells and RPE
cells while low concentrations of the MIONPs showed
cell-type specific cytotoxicity. The MIONPs at low con-
centrations did not exhibit acute cytotoxicity on the HeLa
cell viability in live/dead assay. However, strong intertwin-
ing between the nanoparticles and the microvilli was found
on the HeLa cell surfaces under SEM, and some MIONPs
entered into the HeLa cell cytoplasm as demonstrated by
TEM observation and EDX analysis. This implies the cell
morphological changes and the uptake of nanoparticles can

take place even though no toxic effect of these MIONPs
at low concentrations was reflected in the traditional cell
viability assay. We also found that the normal human cell
line (RPE cells) was more susceptible to the MIONPs than
the cancer cell line (HeLa cells), and the MIONPs resulted
in a dose-dependent cytotoxicity on the RPE cells. The
effects of the MIONPs on cellular morphology and the cel-
lular uptake of nanoparticles were different on these two
cell lines. In comparison with the HeLa cells, there were
fewer microvilli on the RPE cell surfaces and no obvious
intertwining of microvilli with the MIONPs on the RPE
cells was observed. Instead, there were bumps appearing
on the RPE cell membranes and many more MIONPs
internalized by RPE cells through the process of phagocy-
tosis. Thus, the cytotoxicity of uncoated MIONPs shows
cell-type dependence and it should be studied carefully
on different cell types. In particular, the bioapplications
of MIONPs on normal human cells should be undertaken
with well-controlled concentrations since their cytotoxicity
varies with their concentration.
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