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A B S T R A C T

Iron oxide nanoparticles (IONPs) have a great potential with regard to cell labelling, cell tracking, cell se-
paration, magnetic resonance imaging, magnetic hyperthermia, targeted drug and gene delivery. However, a
growing body of research has raised concerns about the possible unwanted adverse cytotoxic effects of IONPs. In
the present study, the in vitro cellular uptake, antiproliferative activity, cytotoxicity, genotoxicity, prooxidant,
microtubule-disrupting and apoptosis-inducing effect of Fe3O4@SiO2 and passivated Fe3O4@SiO2-NH2 nano-
particles on human renal proximal tubule epithelial cells (HK-2) have been studied. Both investigated silica
coated IONPs were found to have cell growth-inhibitory activity in a time- and dose-dependent manner.
Determination of cell cycle phase distribution by flow cytometry demonstrated a G1 and G2/M phase accu-
mulation of HK-2 cells. A tetrazolium salt cytotoxicity assay at 24 h following treatment demonstrated that cell
viability was reduced in a dose-dependent manner. Microscopy observations showed that both Fe3O4@SiO2 and
Fe3O4@SiO2-NH2 nanoparticles accumulated in cells and appeared to have microtubule-disrupting activity. Our
study also revealed that short term 1 h exposure to 25 and 100 μg/mL of silica coated IONPs causes genotoxicity.
Compared with vehicle control cells, a significantly higher amount of γH2AX foci correlating with an increase in
DNA double-strand breaks was observed in Fe3O4@SiO2 and Fe3O4@SiO2-NH2-treated and immunestained HK-2
cells. The investigated nanoparticles did not trigger significant ROS generation and apoptosis-mediated cell
death. In conclusion, these findings provide new insights into the cytotoxicity of silica coated IONPs that may
support their further safer use.

1. Introduction

In recent years, there has been an increasing use of iron oxide na-
noparticles (IONPs) in a broad range of biomedical applications, in-
cluding cell labelling and cell tracking [1,2], cell separation [3], mag-
netic resonance imaging (MRI) [4,5], magnetic hyperthermia [6],
targeted drug delivery [7–9] and gene delivery [10]. However, a
growing body of research has called into question whether exposure to
IONPs may have toxic effects on the surrounding human cells or tissues.
Subsequently, these growing safety concerns have been highlighted
even more since IONPs have already been used in clinical applications
[11].

The kidneys are principally the organs responsible for removing

metabolic waste products from the blood, reabsorbing essential nu-
trients such as glucose and maintaining a water/ion balance in healthy
individuals. However, the kidneys are particularly vulnerable to toxic
insults caused by a wide range of xenobiotics [12]. No less importantly
perhaps, the combination of a high blood supply, large endothelial
surface area, high metabolic activity, and unique concentrating ability
makes the kidneys potentially vulnerable to damage under the effect of
nanoparticles [13–15]. In this regard, Chen et al. [13] observed damage
to renal proximal tubular cells in mice exposed to copper nanoparticles.
Later, Wang et al. [14] observed the serious pathological change of
kidneys in mice following oral administration of titanium dioxide na-
noparticles. The other recent animal study by Hanini et al., 2011 re-
vealed that maghemite uncoated γ-Fe2O3 nanoparticles can promote
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cellular damage in the liver, lungs and kidneys of Wistar rats. Histo-
logically observed perivascular inflammation in vivo indicated that γ-
Fe2O3 nanoparticles could damage several organs, such as the lungs and
kidneys, through immunological reactions [15].

Although a lot of effort has been devoted to nanotoxicity so far, only
a limited number of in vitro studies have examined the cytotoxicity of
nanoparticles in non-tumour cellular models available for kidney-re-
lated research [16–18]. Additionally, no evaluations to-date have spe-
cifically focused on the renal cytotoxicity of silica coated Fe3O4 IONPs.

The current study is aimed at investigating the in vitro anti-
proliferative, cytotoxic, genotoxic and pro-apoptotic mechanisms of
silica coated IONP in human renal proximal tubule epithelial cells (HK-
2). Silica is known to be one of the most convenient and widely used
coating layer for IONP due to its chemical stability, biocompatibility
and ease of functionalization [19–21]. We compared unfunctionalized
and functionalized IONPs (Fe3O4@SiO2, Fe3O4@SiO2-NH2) to evaluate
the influence of the coating on the cytotoxicity and genotoxicity. To
elucidate the potential mechanisms of renal toxicity of silica coated
IONPs, methods measuring various toxicological and cellular endpoints
were employed, including XTT tetrazolium salt viability assay, dynamic
real-time monitoring of cells proliferation with xCELLigence system,
flow cytometry cell cycle analysis, flow cytometry dihydroethidium
staining for reactive oxygen species (ROS), microscopy imaging for
cellular uptake and accumulation of IONPs, Western blot analysis of
expression of proteins involved in-cell death, immunofluorescence la-
belling for detection of γH2AX, β-tubulin and activated caspase 3/7.

2. Materials and methods

2.1. Preparation and characterization of unfunctionalized Fe3O4@SiO2

IONPs

The starting chemicals and solvents were purchased from Sigma
(Sigma–Aldrich, St. Louis, MO, USA) or Fluka (Honeywell, Morris
Plains, NJ, USA) and were used without further purification. A round-
bottom, three-necked, 500mL flask equipped with a stirrer and placed
in an ultrasonic bath was charged with 80mg Fe3O4 nanoparticles
(114 ± 59 nm, DLS) in 20mL of distilled water [22]. After disperga-
tion for 30min by the action of ultrasound (450W), the reaction mix-
ture was treated with a solution of 10ml of 10% tetrabutylammonium
hydroxide and 200ml of 96% ethanol. Then the stirred (300 rpm) re-
action mixture exposed to the constant action of ultrasound was treated
with a solution of 140mg (0.672mM) tetraethyl orthosilicate in 10mL
of absolute ethanol, added dropwise during 10min. After stirring for
24 h at 40 °C, the Fe3O4@SiO2 IONPs were separated using a magnet,
then washed with distilled water (3×50mL) and methanol
(2× 50mL) and finally dried in a vacuum lab oven at 40 °C [23]. The
yield was 120mg of Fe3O4@SiO2 IONPs. The specific surface area, FT-
IR-spectroscopy and powder X-ray diffraction analysis were identical as
we described previously [24].

2.2. Preparation and characterisation of amino-functionalized Fe3O4@SiO2

IONPs

A mixture containing 100mg of Fe3O4@SiO2, 50 μM of water,
50 mg of α-methoxypoly(ethylene glycol) carboxylic acid (Mw =
5000 g/mole), 10mg of 4-toluenesulfonic acid and 8 μL of 3-amino-
propylethoxysilane in 100mL of toluene was placed in a round-bottom
flask exposed to the action of ultrasound (450W) for 30min. The
mixture was then refluxed for 62 h. The Fe3O4@SiO2-NH2 particles
were separated using a magnet, washed with methanol (5×50mL) and
distilled water (3× 50mL), then dried under vacuum at 40 °C [24]. The
yield was 100mg of Fe3O4@SiO2-NH2 IONPs. The total nitrogen con-
tent was determined by microanalysis, and the reactive amino groups
content was determined spectrophotometrically [25]. The specific
surface area, FT-IR-spectroscopy and powder X-ray diffraction analysis

were identical as we described previously [24].

2.3. Dynamic light scattering

Average particle size, polydispersity index (PDI) and zeta potential
of the prepared nanoparticles were determined by dynamic lights cat-
tering (DLS) using a Zetasizer Nano ZS (Malvern Panalytical Ltd.,
Malvern, United Kingdom). The measurements were performed at
25 °C, with a scattering angle of 173°, using disposable sizing cuvettes.
The samples were prepared as a suspension of nanoparticles at 1mg/mL
in PBS or at 400 μg/mL in complete cell culture medium. Each mea-
surement was performed in 10 repeats after 30 s. Data were statistically
processed.

2.4. General procedures for biological experiments

Fe3O4@SiO2 and Fe3O4@SiO2-NH2 IONPs: stock solutions of nano-
particles in concentrations of 8mg/mL were dissolved in PBS (Sigma-
Aldrich, St. Louis, MO, USA). Before an experiment, the stock solutions
were sonicated for 20min. to redisperse nanoparticles. For the experi-
ments, the stock solutions were added to the complete cell culture
medium containing 5% foetal bovine serum (FBS) to create final con-
centrations of 1 μg/mL - 400 μg/mL. The negative control was treated
with 5% phosphate-buffered saline (PBS). Cells treated with 5% DMSO,
cisplatin at 100 μM, doxorubicin at 500 nM and 50 μM, H2O2 at 60 μM
or nocodazole at 5 μM were used as positive control. Cisplatin, doxor-
ubicin, H2O2 and nocodazole were purchased from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA). To determine antiproliferative
activity, we need to follow this after at least first cell doubling, which
takes approximately 24 h. For monitoring of DNA double-strand breaks
(DSBs), one of the earliest events in the double-stranded DNA break
response is the phosphorylation of the histone H2A complement var-
iant, the histone H2AX at serine 139. This resulting local levels of serine
139 phosphorylated H2AX (γH2AX) can be detected by immuno-
fluorescence microscopy, and are termed γH2AX foci. H2AX phos-
phorylation levels reached a maximum 10min after introduction DSBs,
started to decline between 1 and 2 h, and reached background level 8 to
12 h post DSBs. Therefore, we used 1 -h interval to follow direct DSBs in
cells where γH2AX peaks. For each method, three independent cell
preparations were evaluated.

2.5. Cell cultures and culture conditions

The experiments were carried out with the HK-2 cell line. HK-2
cells, which are human renal proximal tubular epithelial cells im-
mortalized by transduction with human papilloma virus 16 E6/E7
genes, were obtained from the European Collection of Cell Cultures
(ECACC, Salisbury, UK). The HK-2 cells were cultured in a DMEM/F12
(1:1) medium supplemented with 5% FBS, 2mM L-glutamine, 10 ng/
mL epidermal growth factor (EGF), a 10 μg/mL in-
sulin–transferrin–selenium (ITS) solution, 50 μg/mL penicillin and
50 μg/mL streptomycin (all reagents from Life Technologies, Grand
Island, NY, USA). The cells were maintained under standard cell culture
conditions at 37 °C in a humidified incubator in an atmosphere of 5%
CO2 – 95% air. A CASY Cell Counter and Analyzer (Roche, Basel,
Switzerland) were used for basic quality control of the cell culture
system and for evaluating cell numbers. HK-2 cells in the maximum
range of 20 passages and in an exponential growth phase were used for
this study.

2.6. Cell viability

Cell viability was tested using colorimetric XTT II cell proliferation
and a viability assay kit (Roche, Basel, Switzerland). Cells were seeded
in 96-well plates at a density of 30,000 cells/well. After 24 h, silica
coated IONPs were added at various concentrations in triplicates. Cells
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exposed to 5% DMSO were used as a positive control. After a further
24 h, 100 μL of the XTT reagent (2,3-bis-(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide) was added to each well in a
96-well plate and incubated for 3 h at 37 °C. Finally, the absorbance of
converted formazan in each well was measured at 470 nm using a Tecan
Infinite M200 spectrophotometer (Tecan Group, Männedorf,
Switzerland). As a blank (“the zeroing blank”) we used cells in media
with nanoparticles at time zero – prior the incubation with XTT tetra-
zolium salt. Viability was calculated as described in the paper by
Havelek and colleagues using the following formula: (%) viability =
(A470sample - A470blank) / (A470control - A470blank) x 100, where
A470 is the absorbance of the utilized XTT formazan measured at
470 nm [26].

2.7. Real-time cellular analysis

The real-time growth kinetics of HK-2 cells was examined using the
xCELLigence RTCA (Real-Time Cell Analysis) SP (Single Plate) system
(Roche Diagnostic, Mannheim, Germany), allowing label-free, dynamic
monitoring of cell adhesion, proliferation and cell death in real-time.
Briefly, the xCELLigence system was connected and tested by resistor
plate before the RTCA SP station was placed inside the incubator at
37 °C and 5% CO2. Background measurements were taken by adding
100 μL of an appropriate medium to the wells of the E-Plate 96. Cell
suspension (90 μL) at a density of 1.7× 104 of HK-2 cells per well was
added to each well of the E-plate 96 and allowed to attach overnight
prior to start of treatment. Cell proliferation was dynamically mon-
itored at 30min. intervals. When the cells entered the logarithmic
growth phase, they were treated with 10 μL of dispersed stock solutions
of nanoparticles with different concentrations in triplicates to obtain
final desired concentrations in each well. Cells treated with 5% DMSO
were used as a positive control. After 72 h of incubation with the tested
nanoparticles, cell proliferation and the cytotoxic effect were plotted
using a characteristic cell index-time profile. Evaluations were per-
formed using RTCA 1.2.1 software (Roche Diagnostic, Mannheim,
Germany).

2.8. Genotoxicity γH2AX assay

HK-2 cells were seeded at a density of 300,000 cells/chamber in 2-
well glass chamber slides (Thermo Fisher Scientific, Waltham, MA,
USA). After 24 h, the spent medium was replaced with a fresh medium
and the cells were treated with 25 and 100 μg/mL of silica coated IONPs
for 1 h. Cells treated with 50 μM doxorubicin, a topoisomerase II-sta-
bilizing drug that induces DNA double strand breaks, was used as po-
sitive control. Subsequently, the cells were fixed with 4% paraf-
ormaldehyde, washed (3× 5min) with PBS, permeabilized in 0.2%
Triton X-100/PBS for 15min and washed (3× 5min) with PBS (re-
agents from Sigma–Aldrich, St. Louis, MO, USA). Before incubation
with primary antibodies (overnight at 4 °C), the cells were incubated
with 7% inactivated foetal calf serum + 2% bovine serum albumin in
PBS for 30min at room temperature. Rabbit monoclonal anti-phospho-
histone H2AX Ser139 (Cell Signaling, Danvers, MA, USA) was used for
γH2AX detection. After pre-incubation with a 5.5% donkey serum in
PBS for 30min, the cells were incubated with a secondary antibody for
1 h in the dark at room temperature and washed (3×5min) with PBS.
Secondary antibody was affinity purified donkey anti-rabbit-FITC-con-
jugated, from the Jackson Laboratory (West Grove, PA, USA). The nu-
clei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) at
1 μg/mL for 1 h. After three washes in PBS, the slides were mounted
with antifading ProLong® Gold mounting medium (Life Technologies,
Grand Island, NY, USA). Images of all of the examined slides were
obtained by a Nikon epi-fluorescence microscope system Eclipse 80i;
the exposure time and dynamic range of the camera in all of the
channels were adjusted to the same values for all of the slides to portray
quantitatively comparable images. The images were further processed

and merged using NIS-Elements Advanced Research 4.13 (instruments
and software from Nikon, Tokyo, Japan). Next, each slide was analysed
manually for the presence of γH2AX foci and fluorescent foci patterns
by visual inspection with the naked eye.

2.9. ROS assay

ROS production in HK-2 cells treated with silica coated IONPs was
determined by dihydroethidium (DHE) staining. In cells, DHE reacts
with superoxide anion to form 2-dihydroxyethidium (EOH, which ex-
hibits red fluorescence) and ethidium [27]. The HK-2 cells were seeded
in 6-well plates (5×105 cells per well) and incubated for 24 h at 37 °C
and in a CO2 incubator (5%). After seeding (24 h later), the spent
medium was replaced with a fresh medium and the cells were treated
with 25 and 100 μg/mL of silica coated IONPs, a positive and a negative
control, for 1 h at 37 °C, in a CO2 incubator (5%). HK-2 cells treated
with 60 μM of H2O2 were used as a positive control. After 1 h of ex-
posure, the cells were harvested with 0.05% trypsin and incubated with
PBS containing 1 μM of dihydroethidium (DHE) (Sigma–Aldrich, St.
Louis, MO, USA) for 30min in a humidified 37 °C, CO2 incubator (5%)
in the dark. Fluorescence was measured using a CyAn flow cytometer
(Beckman Coulter, Miami, FL, USA). Excitation and emission wave-
lengths were 488 and 620 nm respectively. Listmode data were ana-
lysed using Summit v4.3 software (Beckman Coulter, Miami, FL, USA).

2.10. Immunofluorescence staining of β-tubulin

These set of experiments were designed to determine whether silica
coated IONPs induce morphological changes of the microtubule cytos-
keleton. For each condition, 300 000 cells were seeded in 2-well
chamber slides (Thermo Fisher Scientific, Waltham, MA, USA). After
seeding (24 h later), spent medium was replaced with fresh medium
and the cells were treated with 25 and 100 μg/mL of silica coated
IONPs. Cells treated with 5 μM nocodazole were used as positive con-
trol. One hour following the treatment the cells were fixed with 4%
freshly prepared paraformaldehyde for 10min, washed with PBS, per-
meabilized in 0.2% Triton X-100/PBS for 15min at room temperature
and washed with PBS (reagents from Sigma–Aldrich, St. Louis, MO,
USA). Before incubation with the primary antibody (overnight at 4 °C),
the cells were incubated with 7% heat inactivated foetal calf serum
+2% bovine serum albumin in PBS for 30min at room temperature.
Mouse monoclonal anti-β-tubulin (Life Technologies, Grand Island, NY,
USA) was used for β-tubulin detection. For the secondary antibody, the
affinity pure donkey anti-mouse-TRITC-conjugated antibody was pur-
chased from the Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). The secondary antibody was applied to each slide (after their
pre-incubation with 5.5% donkey serum in PBS for 30min at room
temperature), incubated for 1 h in the dark and washed (3× 5min)
with PBS. The nuclei were counterstained with 4′,6-diamidino-2-phe-
nylindole (DAPI) at 1 μg/mL for 1 h. After three washes with PBS, the
slides were mounted with an antifading ProLong® Gold mounting
medium (Life Technologies, Grand Island, NY, USA). Images of all of
the examined slides were obtained by a Nikon epi-fluorescence micro-
scope system Eclipse 80i; the exposure time and dynamic range of the
camera in all of the channels were adjusted to the same values for all of
the slides to portray quantitatively comparable images. Images were
further processed and merged using NIS-Elements Advanced Research
4.13 (instrument and software from Nikon, Tokyo, Japan)

2.11. Cell cycle distribution analysis

HK-2 cells were seeded at a density of 1 500,000 cells/75 cm2 area
tissue culture flasks (Thermo Fisher Scientific, Waltham, MA, USA).
After 24 h, the spent medium was replaced with a fresh medium and the
cells were treated with 25 and 100 μg/mL of silica coated IONPs for
24 h. Cells treated with 5 μM nocodazole were used as a positive
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control. To determine cell cycle distribution, cells were collected, wa-
shed with ice-cold PBS, fixed with 70% ethanol and stored at 4 °C for at
least 24 h. Next, the cells were pelleted by centrifugation and washed
twice with PBS. After subsequent centrifugation, the supernatant was
removed and the cells were incubated for 5min at room temperature in
a citrate-phosphate buffer (0.192M Na2HPO4 and 4mM citric acid, pH
7.8) and then labelled with propidium iodide in Vindelov’s solution for
1 h at 37 °C to detect low molecular-weight fragments of DNA [28]. The
DNA content was determined using a Dako CyAn flow cytometer
(Beckman Coulter, Miami, FL, USA); the excitation wave length was set
at 488 nm, the total emission above 560 nm was recorded in FL-3
channel (613/20 nm filter). The data were analysed using Multicycle
AV software (Phoenix Flow Systems, San Diego, CA, USA).

2.12. Western blot analysis of p-p53 serine 15 protein level

HK-2 cells were lysed by a cell lysis buffer (Cell Signaling
Technology, MA, USA) in line with the manufacturer’s instructions after
24 h of treatment with 25 and 100 μg/mL of silica coated IONPs. Cells
treated with 500 nM doxorubicin were used as a positive control. The
total protein concentration was measured using a Micro-BCA™ Protein
Assay Kit (Thermo Fisher Scientific, IL, USA). Purified proteins from
treated cells in the amount of 20 μg were loaded onto and run on a
polyacrylamide gel. Separated proteins were transferred onto a PVDF
membrane (Bio-Rad, CA, USA) in Towbin’s system. The membranes
were blocked for 1 h with 5% non-fat dry milk in PBST (phosphate
buffer saline with 0.05% Tween-20) to prevent non-specific binding.
After blocking, the membranes were incubated overnight with a pri-
mary antibody against an appropriate antigen (p-p53 serine 15 – Santa
Cruz Biotechnology, TX, USA; β-tubulin – Thermo Fisher Scientific, IL,
USA) at 4 °C. After incubation, the membranes were washed 4-times
with PBST and then incubated with an appropriate secondary antibody
(goat anti-rabbit IgG, HRP conjugate – Sigma-Aldrich, MO, USA and
goat anti-mouse IgG, HRP conjugate - Thermo Fisher Scientific, IL, USA)
for 2 h at room temperature. Finally, the membranes were washed 6-
times with PBST and then the bands were detected using a chemilu-
minescent detection kit (Clarity™ Western ECL Substrate, Bio-Rad, CA,
USA). Equal protein loading was verified by reprobing the membranes
with an antibody against β-tubulin.

2.13. Analysis of apoptosis

Apoptosis was determined by a CellEvent™ Caspase-3/7 green de-
tection reagent (Life Technologies, Grand Island, NY, USA). Briefly,
cells were seeded at a density of 300,000 cells/chamber in 2-well glass
chamber slides (Thermo Fisher Scientific, Waltham, MA, USA) and were
treated for 24 h with silica coated IONPs 100 μg/mL. HK-2 cells treated
with 100 μM cisplatin were used as a positive control. After treatment,
the cells were labelled with 5 μL of a CellEvent™ Caspase-3/7 green
detection reagent in a complete medium and incubated for 30min in a
humidified 37 °C, CO2 incubator (5%) in the dark. Images of all of the
examined slides were obtained by a Nikon epi-fluorescence microscope
system Eclipse 80i; the exposure time and dynamic range of the camera
in all of the channels were adjusted to the same values for all of the
slides to portray quantitatively comparable images. Images were fur-
ther processed and merged using NIS-Elements Advanced Research 4.13
(instruments and software from Nikon, Tokyo, Japan).

2.14. Visualization of silica coated IONPs in HK-2 cells

HK-2 cells were seeded at a density of 300,000 cells/chamber in 2-
well glass chamber slides (Thermo Fisher Scientific, Waltham, MA,
USA). After 24 h of plating, the spent medium was replaced with a fresh
medium and the cells were treated with 25 μg/mL and 100 μg/mL of
silica coated IONPs. Following 1 h and 24 h of treatment, the cells were
washed 3 times with PBS, fixed with a 4% paraformaldehyde/PBS

solution and glass coverslips were mounted with a ProLong Gold
Antifade Mountant (Life Technologies, Grand Island, NY, USA). The
intracellular accumulation of nanoparticles was detected by phase-
contrast microscopy using a Nikon Eclipse 80i microscope (Nikon,
Tokyo, Japan).

2.15. Statistics

The descriptive statistics of the results were calculated, and the
charts were made in Microsoft Office Excel 2010 (Microsoft, Redmond,
WA, USA) or GraphPad Prism 6 biostatistics (GraphPad Software, La
Jolla, CA, USA). In this study, all the quantitative data were expressed
as the arithmetic means with S.D. of triplicates. Statistical significance
was analysed after normality testing using one-way analysis of variance
(ANOVA), followed by Dunnett’s post hoc test. In comparing results
with non-treated control cells, the significance level was set at
p=0.05.

3. Results

3.1. Preparation and characterization of silica coated IONPs

The hydrophilic nanoparticles of Fe3O4 (114 ± 59 nm, DLS) [22]
were coated with a layer of amorphous SiO2, which provided the
Fe3O4@SiO2 IONPs [23]. The reaction of these particles with 3-ami-
nopropyltriethoxysilane resulted in Fe3O4@SiO2-NH2 IONPs with
amino groups on the surface [23]. The average size of the Fe3O4@SiO2
IONPs (188 ± 36 nm) and the Fe3O4@SiO2-NH2 IONPs
(199 ± 20 nm) [24] was determined by DLS in a phosphate buffer with
a pH of 7.3. Further, hydrodynamic particle sizes, PDI and zeta po-
tential were measured in complete cell culture medium in order to in-
vestigate size and surface chemistry in relevant experimental condition.
The average hydrodynamic size of Fe3O4@SiO2 IONPs was
6451 ± 205 nm and PDI was 0.647 ± 0.119. The average hydro-
dynamic size of Fe3O4@SiO2-NH2 IONPs was 3063 ± 520 nm and PDI
was 0.845 ± 0.186. The measurement of the zeta potential of these
samples showed -6.52 and -9.77 for Fe3O4@SiO2 IONPs and Fe3O4@
SiO2-NH2 IONPs, respectively. The specific surface area was found to be
67m2/g and 58m2/g for Fe3O4@SiO2 IONPs and Fe3O4@SiO2-NH2

IONPs, respectively [24].

3.2. The effect of silica coated IONPs on cell proliferation and viability as
determined by real-time cellular analysis and XTT assay

The cytotoxic effects of silica coated IONPs against human renal
proximal tubular epithelial HK-2 cells were first studied under the
standard colorimetric method which measured tetrazolium salt reduc-
tion via mitochondrial dehydrogenase activity. Both NH2-group un-
functionalized and functionalizednanoparticles reduced cell viability in
dose dependent manners within 24 h of treatment (Fig. 1A). The anti-
proliferative effects of silica coated IONPs were further investigated
using an xCELLigence system. The xCELLigence system monitors cel-
lular responses in real-time, without exogenous labels by measuring
electrical impedance. Microelectrodes integrated in the bottom of spe-
cial E-Plates provided quantitative information about the biological
status of the cells, including cell number, cell adhesion, cell viability
and cell morphology. Impedance measurements are displayed as nor-
malized cell index (CI) values, which are directly proportional to cell
number. As shown in Fig. 1B, the application of silica coated IONPs at
25 μg/mL decreased the proliferation rate of HK-2 cells compared to 5%
PBS vehicle-treated control. Exposure to silica coated IONPs at 50 μg/
mL resulted in the almost complete inhibition of cell proliferation with
a permanently decreased cell index and no signs of recovery. In con-
trast, real-time monitoring demonstrated an immediate drop in the cell
index in 5% DMSO-treated (positive control) cells. Similarly, but with
lower dynamics, application of IONPs at 100, 200 and 400 μg/mL
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Fig. 1. The effect of silica coated IONPs on the
viability and proliferation of HK-2 cells. (A)
Cell viability of HK-2 cells measured by using
XTT assay 24 h after treatment. Viability is
associated with cells treated with 5% PBS
(vehicle treatment). Data are shown as mean
values ± SD of at least three independent ex-
periments. *Significantly different to control
(P < 0.05). (B) Dynamic real-time monitoring
of cell adhesion, proliferation and cytotoxicity
using the xCELLigence system. Cells treated
with 5% PBS (vehicle treatment) were used as
a negative control while cells treated with 5%
DMSO were used as a positive control. The
normalized cell index was measured over 72 h.

Fig. 2. Microscopic images of HK-2 cells stained with an anti-γH2AX antibody (green) and counterstained with DAPI (blue). The cells were treated with silica coated
IONPs or a PBS as a vehicle control. Experiments were performed in triplicate using epi-fluorescence microscopy. Photographs are representative pictures from three
independent experiments. The scale bar in the images represents 10 μm.
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caused a decrease in the cell index and cell death.
This set of data, coupled with the results of XTT assay and

xCELLigence system, demonstrated that the concentration of 25 μg/mL
and above of both determined nanoparticles is cytotoxic, in a known
dose-dependent manner. Therefore, to explain the mechanisms of silica
coated IONPs cytotoxicity, we decided to investigate concentration
25 μg/mL as sub-cytotoxic and concentration 100 μg/mL as lethal for
subsequent tests to avoid unspecific effects caused by significantly de-
creased cell viability.

3.3. Genotoxicity of silica coated IONPs

The nucleosomal histone protein H2AX is specifically phosphory-
lated at serine 139 (γH2AX) in response to DNA double-strand breaks
(DSBs). Staining for γH2AX accumulated at the DSB-flanking chromatin
(foci) is used as a specific marker of DSBs after the action of different
genotoxic stresses, including ionizing radiation, environmental agents
and chemotherapy drugs [29]. In order to investigate whether silica
coated IONPs may cause lethal DNA lesions in the form of DSBs, HK-2
cells were exposed to the nanoparticles for 1 h. As shown in Fig. 2, no
obvious γH2AX fluorescent foci were found in the cell nuclei of 5% PBS-
treated cells. By contrast, 1 h exposure to 25 and 100 μg/mL of silica
coated IONPs substantially increased γH2AX nuclear foci formation in
HK-2 cells compared to the negative control (5% PBS). The density and
pattern of accumulated γH2AX foci were the same for both types of
nanoparticles. Doxorubicin-treated cells were used as a positive control
(data not shown), and they exhibited increased γH2AX foci over ne-
gative control cells and a more diffuse staining pattern compared to
nanoparticle-treated cells.

3.4. The effect of silica coated IONPs on ROS production

Generation of ROS may be one of the mechanisms responsible for
the cytotoxicity of nanoparticles. Thus, we assessed the ability of silica
coated IONPs to produce ROS. DHE, a specific fluorescent probe for

superoxide (O2
−), was used to track ROS generation in HK-2 cells. H2O2

was used as a positive control. The flow cytometric quantification of
DHE positive cells revealed no considerable increase in ROS production
after treatment with silica coated IONPs for 1 h. Unexpectedly, treat-
ment with silica coated IONPs decreased ROS production (Fig. 3).
Treatment of HK-2 cells with H2O2 induced significant production of
superoxide (data not shown).

3.5. The effect of silica coated IONPs on microtubule cytoskeleton

Cytoskeleton microtubules are involved in the maintenance of cell
shape, intracellular trafficking and mitosis. The effect of silica coated
IONPs at 25 and 100 μg/mL on the cytoskeletal structure was visually
inspected by observing the immunostained cytoskeletal component β-
tubulin 1 h after exposure. Epi-fluorescence imaging revealed that
mock-treated HK-2 cells had intact microtubules (Fig. 4A). Contrary
thereto, treatment with Fe3O4@SiO2-NH2 IONPs at both examined
concentrations of 25 and 100 μg/mL and Fe3O4@SiO2 IONPs at 25 μg/
mL resulted in morphological changes, decreased cell body size and a
collapsed microtubule network around the cell nuclei (Fig. 4B, D, E).
Moreover, treatment with 100 μg/mL Fe3O4@SiO2 IONPs completely
disintegrated the microtubule network with weak and diffuse β-tubulin
staining dispersed throughout the cytoplasm (Fig. 4C).

3.6. The effect of silica coated IONPs on the distribution of cells in cell cycle
phases and analysis of the p53 expression

To better understand the antiproliferative effects of silica coated
IONPs, we treated HK-2 cells with 25 and 100 μg/mL of nanoparticles
for 24 h and we quantified the percentage of cells in different phases of
the cell cycle using flow cytometry. Fe3O4@SiO2 nanoparticles treat-
ment, at 25 μg/mL, resulted in a significant increase in the number of
cells in the G1 (77%; control 71%) phase. In contrast, treatment of HK-2
cells with 100 μg/mL Fe3O4@SiO2 nanoparticles resulted in a sig-
nificant decrease in the number of cells in the G1 (67%; control 71%)

Fig. 3. Production of ROS by silica coated IONPs in HK-2 cells determined by staining with a DHE (dihydroethidium) probe. Cells were treated with silica coated
IONPs or a PBS as a vehicle control. Flow cytometry quantitative data are presented as histograms which show the mean percentages of 2-dihydroxyethidium positive
cells from three independent experiments ± SD. Representative dot plots of one of the three independent measurements are shown. *Significantly different to
control (P < 0.05).
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phase and a significant increase in the number of cells in the G2/M
(22%; control 13%) phase. These effects were concurrently accom-
panied by a significant decrease in S phase cells (10% for 25 μg/mL,
11% for 100 μg/mL; control 16%) (Fig. 5A). Fe3O4@SiO2-NH2 IONPs in
concentrations of 25 μg/mL and 100 μg/mL induced an increase in the
percentage of cells in the G1 (79% and 73%; control 71%) phase and in
a concentration of 100 μg/mL also in the G2/M (15%; control 13%)
phase of the cell cycle. Exposures to Fe3O4@SiO2-NH2 IONPs using both
examined concentrations were accompanied by a decrease in S phase
cells (9% for 25 μg/mL, 11% for 100 μg/mL; control 16%) (Fig. 5B). No
sub-G1 peak representing apoptotic cells was seen in the flow cytometry
histograms.

As we observed cell cycle delay at 25 and 100 μM, we decided to
evaluate the expression of p53 phosphorylated at Ser15 using Western
blotting. As shown in Fig. 5C, the exposure of HK-2 cells to silica coated
IONPs for 24 h did not result in an increased accumulation of p53
protein phosphorylated at Ser 15.

3.7. Detection of apoptosis

XTT assay and xCELLigence-based measurements revealed that
IONPs at 100 μg/mL had a clear negative impact on cell viability, which
may be caused by apoptosis - mediated cell death. Apoptosis requires
the activation of downstream signalling pathways to orchestrate the
activation of caspases. In line with the XTT and xCELLigence-based
results of cytotoxicity, we investigated the activation of caspase-3/7 as
a hallmark of cell death mediated by apoptosis. As shown in Fig. 6, this

characteristic feature of apoptosis was not found after the treatment of
HK-2 cells with 100 μg/mL silica coated IONPs for 24 h.

3.8. Visualization of silica coated IONPs

Finally, we traced the subcellular location and distribution of silica
coated IONPs to evaluate its direct interaction with the cells. Cells were
treated with 100 μg/mL of silica coated IONPs for 1 h and 24 h and
cellular accumulation was followed by phase contrast microscopy.
Microscopic observations revealed that both types of nanoparticles
were internalized into the cytoplasm of HK-2 cells already after 1 h of
treatment. The microscopy results regarding the cellular location of
silica coated IONPs after a short period of treatment (1 h) displayed the
accumulation of silica coated IONPs mainly around the cell membrane.
During longer incubation times of 24 h, silica coated IONPs were
mainly accumulated in the perinuclear region of the HK-2 cells (Fig. 7).

4. Discussion

It is well known that nanoparticles can spread to various organ
systems such as the lungs, brain, heart, spleen, liver, testis, thymus and
kidneys [30,31]. The kidneys play a significant role in eliminating
myriad toxicants from the body and urinary excretion can be one of the
possible routes for eliminating IONPs [32,33]. Theoretically, glo-
merular filtration, tubular secretion and tubular reabsorption can be
involved in the elimination process of nanoparticles. Moreover, nano-
particles with protein corona dispersed in blood plasma reaching the

Fig. 4. Microscopic images of HK-2 cells stained with an anti-β-tubulin antibody (red) and counterstained with DAPI (blue). The cells were incubated with PBS (A) or
treated with Fe3O4@SiO2 IONPs at 25 (B) and 100 μg/mL (C) or with Fe3O4@SiO2-NH2 IONPs at 25 (D) and 100 μg/mL (E). Experiments were performed in triplicate
using epi-fluorescence microscopy. Photographs from representative chambers are shown. The scale bar in the images represents 10 μm.
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glomerulus but not filtered could potentially damage kidney function.
Since the proximal tubule is part of the duct system of the nephron in
which the filtrate from the glomerulus enter, and it is a major site for
reabsorption and some secretion, we evaluated the in vitro anti-
proliferative and cytotoxic potential of silica coated IONPs on human
renal proximal tubule epithelial cells (HK-2) and the mechanism in-
volved in it. We used HK-2 human renal proximal tubule epithelial cells
as a model for this study. They have been shown to retain the functional
characteristics of the normal human renal proximal tubular cell [34].

First, we assessed the possible cytotoxicity of silica coated IONPs by
using an XTT assay. The XTT assay is a standard colorimetric method
measuring tetrazolium salt reduction to formazan dye via mitochon-
drial dehydrogenase activity, which is directly proportional to the
number of living cells. Both analysed nanoparticles were found to be
cytotoxic at a concentration of 25 μg/mL and above, in a classic dose-
dependent manner. Similar results were obtained using the
xCELLigence system which enables to get real-time, label-free and non-
invasive measurements of cytotoxicity via determining cell

Fig. 5. Analysis of the cell cycle of HK-2 cells 24 h after the application of Fe3O4@SiO2 IONPs (A) and Fe3O4@SiO2-NH2 IONPs (B) NPs. The bar graph represents the
percentage of cells in the G1, S, and G2/M phase of the cell cycle (mean ± SD, n= 3). *Significantly different to control (P < 0.05). (C) Western blot analysis of
phosphorylated p53 24 h after treatment (p53_15). Cells treated with 500 nM doxorubicin were used as a positive control. These experiments were performed at least
three times with similar results and a cropped blot is shown from one representative experiment.

Fig. 6. Microscopy images of the activation of
caspase-3/7 in HK-2 cells. The cells were ex-
posed to 100 μg/mL of silica coated IONPs for
24 h. The images showed apoptotic signals of a
CellEvent™ Caspase-3/7 Green Detection
Reagent (apoptotic cells, green, FITC), corre-
sponding optical phase-contrast microscopy
(Ph) and merged images (Merge). Cells treated
with 5% PBS (vehicle treatment) were used as
a negative control. Photographs are re-
presentative pictures from three independent
experiments. The scale bar in the images re-
presents 10 μm.
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proliferation as well as cellular survival. This cytotoxic effect of Fe3O4@
SiO2 and Fe3O4@SiO2-NH2 may be related to the fast uptake and ac-
cumulation of nanoparticles into cells. Phase-contrast images showed
that nanoparticles were accumulated in the cytoplasm of HK-2 cells
already 1 h after treatment. Contrary to this, numerous published stu-
dies reported no significant cytotoxicity and good biocompatibility
following the testing of the biological effects of silica coated IONPs
[35,36].

To evaluate the possible genotoxic effects of silica coated IONPs, we
performed immunostaining for γH2AX foci as a marker of the most
deleterious DNA damage, the DNA double-strand breaks. Our results
show that short-term exposure (1 h) of the HK-2 cells to both the in-
vestigated types of silica coated IONPs at two different concentrations,
namely 25 and 100 μg/mL, resulted in severe DNA damage, i.e. lethal
DNA lesions in the form of DSBs. Also, some studies have reported that
silica coated IONPs can induce cytotoxicity and DNA damage in L5178Y
cells [37], A549 and HeLa cells [38] which is similar to our findings
using HK-2 human renal proximal tubule epithelial cells as a model.

Generation of ROS represents one of the most dominant mechan-
isms responsible for the toxicity and genotoxicity of nanoparticles
[39–41]. Thus, we assessed the ability of silica coated IONPs to induce
the production of intracellular oxidants in HK-2 cells, using DHE as a
fluorescent probe for the detection of ROS generation. Surprisingly, our
data showed no increased intracellular ROS generation following ex-
posure to both analysed silica coated IONPs. This result is contradictory
to findings stated in the study published by Malvindi and colleagues in
which bare (Fe3O4@SiO2) nanoparticles were found to produce a sig-
nificant increase in ROS levels. Similarly, passivated (Fe3O4@SiO2-
NH2) nanoparticles stimulate prooxidant reactions, however, they in-
duce the generation of low levels of ROS [38]. Recently, some authors
showed that IONPs can affect cytoskeletal proteins, which subsequently
leads to the disruption of cell homeostasis and physiological cellular
processes [42,43]. Therefore, we investigated the effect of silica coated
IONPs on the microtubule cytoskeleton. Our results demonstrated that
silica coated IONPs abolish the formation of long and extended mi-
crotubules. This resulted in the microtubule network breaking up into
individual microtubules focused around the cell nuclei in dense bun-
dles. Furthermore, treatment with 100 μg/mL Fe3O4@SiO2 nano-
particles completely disintegrated the microtubule network. These re-
sults corresponded with other studies that found significant
cytoskeleton changes after IONPs exposure. Soenen et al. reported that
both the actin cytoskeleton and microtubule network undergo a sig-
nificant remodelling when human blood outgrowth endothelial cells are

incubated with Resovist (carboxydextran-coated IONPs) or magnetoli-
posomes. Endorem (dextran-coated IONPs) particles also influence the
cytoskeletal networks at higher concentrations [43]. Highly apparent
cytoskeleton disruption, disorganization of actin fibres and tubulin
networks were observed in human umbilical vein endothelial cells
treated with citric acid and dextran coated IONPs [42]. In consistence
with these reports, Mesárošová et al. and co-workers found visible
changes in HEL 12469 human embryonic lung fibroblast cell mor-
phology following exposure to surface-modified magnetite nano-
particles. The authors speculated that not only internalized amount of
magnetite nanoparticles, but also inter-action of magnetite nano-
particles with the cytoskeletal proteins can lead to disruption of cell
homeostasis or other fundamental cellular physiological processes [44].

To further elucidate the mechanism of antiproliferative activity and
cytotoxicity of silica coated IONPs, we analysed cell cycle phase dis-
tribution, activation of caspase-3/7 as a hallmark of apoptosis, and
expression of p53 and its Ser15 phosphorylated form. The results of cell
cycle distribution evaluated through flow cytometric analysis demon-
strated that both silica coated IONPs were able to affect the cell cycle
distribution of HK-2 cells. We found that treatment with silica coated
IONPs preferably induced the cell cycle accumulation of HK-2 cells at
the G1 phase at low concentration and G2/M phases phase at higher
concentration. The previous study on human hepatoma BEL-7402 cells
showed that Fe3O4 and oleic acid-coated Fe3O4 induced G1 cell cycle
arrest [45]. In contrast to this, the treatment of BEL-7402 cells with
carbon-coated Fe nanoparticles caused G2/M cell cycle arrest [45].
Therefore, we can assume that the Fe3O4@SiO2 and Fe3O4@SiO2-NH2

nanoparticles mechanism regarding cell cycle progression might be
different to that reported for Fe3O4, OA-Fe3O4 and carbon-coated Fe
nanoparticles.

Since the activation of caspase-3-like proteases, such as caspase-3
and caspase-7, is one of the markers observed during apoptosis, we
examined the activation of caspase 3/7 using fluorescence microscopy
and a fluorogenic substrate for activated caspase-3/7. However, using
the above-mentioned technique, this characteristic feature of apoptosis
was not found after the exposure of HK-2 cells to 100 μg/mL of silica
coated IONPs. p53 is a well-established tumour suppressor protein that
plays a key role in cell cycle regulation and in cellular response to
genotoxic and cytotoxic stress [46]. In response to various stress signals
such as DNA damage, the p53 protein is activated by posttranslational
modifications and the follow-up induction of various p53 target genes
leads to cell cycle arrest, apoptosis or cell senescence [47,48]. In this
study, the expression level of phospho-p53 (Ser15) was analysed by

Fig. 7. Accumulation of silica coated IONPs in HK-2 cells. The cells were incubated with 100 μg/mL of silica coated IONPs for 1 h and 24 h and visualized by optical
phase-contrast microscopy. Photographs are representative pictures from three independent experiments. The scale bar in the images represents 10 μm.
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Western blot analysis. Surprisingly, treatment with silica coated IONPs
did not result in an increased level of p53 protein phosphorylated at
serine 15.

These observations indicate that the p53 signalling pathways were
not affected by treatment with silica coated IONPs. These findings are
inconsistent with those of Ng et al. who demonstrated that ZnO nano-
particles are capable of causing DNA double-strand break (DSBs) sig-
nalling in mammalian cells. Most significantly, Ng et al. showed that
the genotoxic influence of ZnO nanoparticles resulted in the activation
of p53 [49].

5. Conclusions

We may conclude that silica coated IONPs had antiproliferative,
cytotoxic and genotoxic effects on HK-2 human renal proximal tubule
epithelial cells. Silica coated IONPs induced severe disruption of the
microtubule cytoskeleton structure, decreasing the cell proliferation
rate, and led to DNA double-strand breaks. Highly damaged HK-2 cells
might be lost via necrosis as none of the two analysed silica coated
IONPs induced apoptosis or increased accumulation of phospho-p53
(Ser15).
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