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a  b  s  t  r  a  c  t

The  cytotoxicity  and  genotoxicity  of novel  colloidal  silica  spheres  coated  with  crystalline  or amorphous
zirconia  (SiO2@ZrO2

cryst or SiO2@ZrO2
am) have  been  studied  in  a human  osteosarcoma  cell  line (MG-63),

after 24  h  exposure.  SiO2@ZrO2
cryst and  SiO2@ZrO2

am had  mean  diameters  of  782  ± 19  and  891  ±  34  nm,
respectively.  SiO2@ZrO2

cryst exposure  reduced  cell  viability,  with  an  increase  in  reactive  oxygen  species
(ROS)  and  a decrease  of  the  GSH/GSSG  ratio.  The  comet  and  micronucleus  (MN)  assays  detected  DNA

am
eywords:
ore@shell materials
ytotoxicity
enotoxicity
irconia
ilica

damage  at  5 and  25  �g/mL,  respectively.  SiO2@ZrO2 induced  genotoxic  action  only  at  10  and  50  �g/mL
(comet  and  MN  assays),  along  with  a decrease  of the  GSH/GSSG  ratio  at 50  �g/mL.  Both  particles  were
found  inside  the  cells,  forming  vesicles;  however,  none  of them  entered  the  nucleus.  Our  findings  show
that  crystallization  of  the  shell  of the  amorphous  ZrO2 increases  both  cytotoxicity  and  genotoxicity.

©  2014  Elsevier  B.V.  All  rights  reserved.
uman osteosarcoma cells

. Introduction

Core@shell particles are nano or micro-sized particles which
ave a core and a shell of different structure/composition, as
pposed to conventional nanoparticles, which have a homogenous
tructure [1]. They are classified broadly based on the material with
hich the core and shell are made. Recently, core@shell nanopar-

icles have found widespread applications as catalysts, modifiers,
llers, and thermal/mechanical property enhancers. Biomedical
pplications include imaging, drug delivery, and use as intracel-
ular biomarkers [2–4]. Particles of metal oxides are used in optical
ioimaging and in fluorescence and magnetic imaging [5–8].

Regarding the toxicity of such particles, several reports note
njurious effects of nanoparticles in cell lines – cytotoxicity, oxida-
ive stress, and inflammatory responses [9–12]. Studies on the

enotoxicity of metal oxide particles have reported micronucleus
MN) induction [13,14], DNA damage detected by the comet
ssay [15], and chromosomal aberrations [16]. However, there are

∗ Corresponding author at: CEQUINOR and Cátedra de Bioquímica Patológica, Fac-
ltad de Ciencias Exactas, UNLP. 47 y 115 (1900), La Plata, Argentina.
el.: +54 221 4235333x49; fax: +54 221 4259485.

E-mail address: aldivirgilio@biol.unlp.edu.ar (A.L. Di Virgilio).

ttp://dx.doi.org/10.1016/j.mrgentox.2014.05.009
383-5718/© 2014 Elsevier B.V. All rights reserved.
contrary reports. Theogaraj et al. [17] and Warheit et al. [18] did
not find TiO2 nanoparticles to be genotoxic: they did not observe
DNA damage in the chromosomal aberration test in Chinese ham-
ster ovary (CHO) cells. Information on the toxicity of colloidal
core@shell particles is scarce. They have been evaluated in some
in vitro biological systems, indicating that biocompatibility has to
be evaluated on a case-by-case basis.

Zirconia-based ceramics are routinely used in structural appli-
cations in engineering, such as in the manufacture of cutting tools,
gas sensors, refractories and structural opacifiers, and in medical
and dental care [19]. In dentistry, zirconia has been used for making
crowns, bridges, abutments, and implant prosthesis infrastructures
[20]. In vitro and in vivo studies confirmed a high biocompatibil-
ity of zirconia [21,22] which is a chemically inert material and
allows good cell adhesion; no adverse systemic reactions have been
associated with its use [23]. Cytotoxicity, carcinogenicity, muta-
genicity, or chromosomal alterations in fibroblasts or blood cells
have not been observed [24]. However, particles can be released
from the degradation of zirconia, promoting a localized inflam-
matory immune reaction [25]. Zirconia-based nanoparticles show

moderate toxicity in human alveolar epithelial and macrophage
cell lines [26]. Nanosized ZrO2 showed no toxicity towards the
yeast Saccharomyces cerevisiae [27], bacteria, algae, crustaceans,
or soil bacteria [28]. We  have measured possible cytotoxic and

dx.doi.org/10.1016/j.mrgentox.2014.05.009
http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
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enotoxic effects of colloidal silica spheres coated with crystalline
r amorphous zirconia (SiO2@ZrO2

cryst or SiO2@ZrO2
am) in human

steosarcoma (MG-63) cells. To elucidate possible mechanisms of
ction, oxidative stress markers and cellular uptake were also mea-
ured.

. Experimental

.1. Materials

Tissue culture materials were purchased from Corning (Prince-
on, NJ, USA), Dulbecco’ Modified Eagles Medium (DMEM),
rypLETM from Gibco (Gaithersburg, MD,  USA), and fetal bovine
erum (FBS) from Internegocios SA (Argentina). MTT, Trypan Blue
nd cytochalasin B from Dreschslera dematioidea were purchased
rom Sigma Chemical Co. (St. Louis, MO,  USA). Dihydrorhodamine
23 (DHR) was purchased from Molecular Probes (Eugene, OR,
SA). Bleomycin (BLM) (Blocamycin®) was kindly provided by
ador S.A. (Buenos Aires, Argentina). Syber Green and low-melting-
oint agarose were purchased from Invitrogen Corporation (Buenos
ires, Argentina).

.2. Methods

.2.1. Synthesis of SiO2@ZrO2
cryst and SiO2@ZrO2

am

We  obtained both types of particles by following a previously
eported procedure [29]. We  checked the crystallization of the
hell with X-ray diffraction (XRD) (X-ray Diffractometer, Philips
W 3020) and the shape of particles, as well as their diameter dis-
ribution, with scanning electron microscopy (SEM) (FEI Quanta
00).

.2.2. Preparation of SiO2@ZrO2 suspensions
Fresh stock suspensions of SiO2@ZrO2 were prepared in phos-

hate buffered saline (PBS) at 10 mg/mL, vortexed for 10 min  and
tored at 4 ◦C in the dark. To obtain test dispersions, stock suspen-
ion was diluted with Dulbecco’s Modified Eagle Medium (DMEM)
t the concentrations indicated in the experiments.

.2.3. Cell culture and incubations
The human osteosarcoma (MG-63) cell line was  purchased from

TCC (CRL1427TM). Cells were grown in DMEM containing 10% FBS,
00 U mL−1 penicillin and 100 �g/mL streptomycin at 37 ◦C in a 5%
O2 atmosphere. Cells were seeded in a 75 cm2 flask and when
0–80% confluence was reached, cells were subcultured (1 mL
rypLETM per 25 cm2 flask). For experiments, cells were grown in
ulti-well plates. When cells reached the desired confluence, the
onolayers were washed with DMEM and incubated under the

onditions described below.

.2.4. Cell viability
Cell viability was assayed by the MTT  assay and by the mea-

urement of total protein content. The MTT  assay was carried
ut according to Mosmann [30]. Briefly, cells were treated with
iO2@ZrO2

cryst or SiO2@ZrO2
am, 5–100 �g/mL, for 24 h. Following

xposure, cells were incubated with 0.5 mg/mL  MTT  for 3 h. Cells
ere lysed in DMSO. Color development was measured at 570 nm.
esults were expressed as the mean of three independent experi-
ents and plotted as percent of control.
Total protein content measurement was performed with a

ommercial kit (PierceTM BCA Protein Assay Kit) following the rec-
mmendation of manufacturers.
.2.5. Cytokinesis-block micronucleus (MN) assay
The MN  assay is used to screen potentially genotoxic com-

ounds. MN  are cytoplasmic bodies that have a portion of an
esearch 770 (2014) 85–94

acentric chromosome or whole chromosome which was  not carried
during anaphase, resulting in the absence of whole chromosomes
or parts of them from the main nucleus [31]. Experiments were
set up with cultures in the log phase of growth. MG-63 cells were
treated with SiO2@ZrO2

cryst or SiO2@ZrO2
am along with cytocha-

lasin B (4.5 �g/mL). After 24 h, cells were rinsed and subjected to
hypotonic conditions, fixed with methanol at −20 ◦C and stained
with 5% Giemsa. For the analysis, 500 binucleated (BN) cells were
scored at 400× magnification per experimental point from each
experiment. The examination criteria employed were as reported
by Fenech [32].

2.2.6. Single cell gel electrophoresis (comet assay)
For detection of DNA damage, the comet assay was employed

based on the method of Singh et al. [33], with minor modifica-
tions. Briefly, MG-63 cells were treated with SiO2@ZrO2

cryst or
SiO2@ZrO2

am. After 24 h, cells were suspended in 0.5% low-melting-
point agarose and immediately poured onto microscope slides
precoated with 0.5% normal-melting-point agarose. Slides were
immersed in ice-cold lysis solution (pH 10) for 1 h. Electrophoresis
was performed at 0.8 V/cm (25 V, distance to electrodes 29.5 cm)  in
alkaline buffer (pH 12.7). Afterwards, slides were neutralized and
stained with SyberGreen. Analysis was  performed in an Olympus
BX50 fluorescence microscope. Randomly captured cells, 100 per
experimental point, were used to determine the tail moment, using
Comet Score version 1.5 software.

2.2.7. Determination of reactive oxygen species (ROS) level
Intracellular ROS were determined by oxidation of

dihydrorhodamine-123 (DHR-123) to rhodamine by spectroflu-
orescence. This probe measures levels of intermediates such as
peroxynitrite, H2O2, and OH• [34]. Briefly, MG-63 cells were
incubated at 37 ◦C with SiO2@ZrO2

cryst or SiO2@ZrO2
am. After

24 h, cells were incubated with 10 mM DHR-123. After 1 h, cells
were scraped into 1 mL  0.1% Triton-X 100. The cell extracts were
then analyzed for the oxidized product rhodamine by measuring
fluorescence (excitation, 495 nm;  emission, 532 nm), using a
Perkin-Elmer LS-50B luminescence spectrometer (Beaconsfield,
England) equipped with a pulsed xenon lamp (half peak height
<10 �s, 60 Hz), an R928 photomultiplier tube and a computer
(FL Winlab software). Results were corrected for protein content,
measured with the PierceTM BCA Protein Assay Kit.

2.2.8. Fluorometric determination of cellular GSH/GSSG ratio
GSH and GSSG levels were determined in cultured cells

as follows. Confluent cell monolayers were incubated with
SiO2@ZrO2

cryst or SiO2@ZrO2
am at 37 ◦C for 24 h. Monolayers were

washed with PBS and harvested by incubation with 250 �L Tri-
ton 0.1% for 30 min. For GSH determination, aliquots (100 �L)
were mixed with ice-cold phosphate buffer (Na2HPO4 0.1 M;  EDTA
5 mM;  1.8 mL)  and 100 �L o-phthaldialdehyde (0.1% in methanol)
as described by Hissin and Hilf [35]. For the determination of
GSSG, aliquots (100 �L) were mixed with NaOH (0.1 M, 1.8 mL)
and o-phthaldialdehyde as before. To avoid GSH oxidation, the
cellular extracts for GSSG determination were incubated with
0.04 M N-ethylmaleimide. Fluorescence emission (420 nm; exci-
tation, 350 nm)  was  determined. The GSH/GSSG ratio, which is a
marker of cellular redox status, was  calculated as % basal for all
experimental conditions.

2.2.9. Uptake and subcellular localization by TEM
After treatment with 50 �g/mL SiO2@ZrO2

cryst or SiO2@ZrO2
am,
MG-63 cells were fixed in 2% glutaraldehyde for 1 h at 4 ◦C. Later,
cells were treated with 2% OsO4 in sodium cacodylate and embed-
ded in epoxy resin, Epon (Serva, Heidelberg, Germany). Ultrathin
sections (60 nm)  were obtained by ultramicrotome (Supernova
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Fig. 3. Size distribution of SiO2@ZrO2
cryst and SiO2@ZrO2

am; the difference between
both populations of particle diameters is statistically significant (  ̨ = 0.05, One Way
ig. 1. X-ray results obtained before (bottom) and after (top) thermal treatment at

00 ◦C.

eichert-J). These sections were stained with uranyl acetate solu-
ion in acetic acid and plumbic citrate. TEM analyses of ultrathin
ections allowed determination of the agglomeration of the par-
icles and their distribution within the cells, placing the ultrathin
ections on 150 mesh grids and examining with a TEM microscope
JEOL JEM 1200 EX II).

.2.10. Statistical analysis
Results are expressed as the mean of three independent exper-

ments and plotted as mean ± standard error of the mean (SEM).
he total number of repeats (n) is specified in the legends of the
gures. Statistical analysis of the data was carried out by ANOVA,

ollowed by the Fisher’ Least Significant Difference (LSD) procedure
o discriminate among the means. The statistical analyses were per-
ormed using STATGRAPHICS Centurion XVI.I. In the comet assay,

ann–Whitney Rank Sum Test was carried out to compare treated
ells group against the control group and against each other.

. Results

.1. Physicochemical characterization of the materials

Confirmation of the crystallization of the ZrO2 shell after ther-
al  treatment was performed by XRD. The X-ray diffractogram of

alcined materials (Fig. 1) showed one main broad reflex centered

t about 30◦ 2� and a second reflex with lower intensity centered
t about 35◦ 2�, which was assigned to tetragonal zirconia. More-
ver, a broad signal starting below 20◦ 2� and extending almost up
o 40◦ 2� was observed, which was attributed to non-crystalline

Fig. 2. SEM image of (A) SiO2@ZrO
ANOVA).

SiO2. Before the thermal treatment, diffractograms showed only
the signal attributed to the non-crystalline solid (Fig. 1).

Core@shell particles were spherical, as determined by scanning
electron microscopy (Fig. 2). Particles with non-crystalline shells
had a mean diameter of 891 ± 34 nm,  while particles with crys-
talline shell had a mean diameter of 782 ± 19 nm.  Fig. 3 shows the
size distribution of SiO2@ZrO2

cryst and SiO2@ZrO2
am; the differ-

ence between both populations of particle diameters is statistically
significant (  ̨ = 0.05, one-way ANOVA).

3.2. Effect of SiO2@ZrO2
cryst or SiO2@ZrO2

am on cell viability

The cytotoxicity of SiO2@ZrO2
cryst or SiO2@ZrO2

am was assayed
in 24-h exposed MG-63 cells by measuring the ability to pro-
cess MTT  and by quantifying the total amount of cellular protein.
Figs. 4 and 5 show the relationship between cell viability (as per-
centage absorbance of control value) and particle concentration.
Alteration in cell energy metabolism can be monitored by mea-
suring loss of the ability of mitochondria to reduce MTT  to an
insoluble violet product (formazan), and is related to cell viabil-
ity. Exposing MG-63 cells to dispersions of either SiO2@ZrO2

cryst

or SiO2@ZrO2
am at different concentrations (5–100 �g/mL) showed

that only SiO2@ZrO2
cryst induced a significant decrease in the ability

of the cells to form the insoluble violet product, at 100 �g/mL (Fig. 4,
cryst
p < 0.001). Likewise, SiO2@ZrO2 caused a significant decrease of

the total protein content only at the higher tested concentration
(Fig. 5, p < 0.05).

2
am and (B) SiO2@ZrO2

cryst.
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ig. 4. MTT assay in MG-63 cells. After incubation with SiO2@ZrO2
cryst or SiO2@ZrO

 colored formazan by mitochondrial dehydrogenases. Color development was me
he  mean ± SEM (standard error of the mean) (n = 24), * significant differences versu

.3. Genotoxicity studies

We  examined how SiO2@ZrO2
cryst and SiO2@ZrO2

am induced
enotoxicity by looking at the increase of MN  frequency and
he induction of DNA damage by the comet assay. MN  induc-
ion in binucleated cells was observed after exposure to either
iO2@ZrO2

cryst or SiO2@ZrO2
am for 24 h (Fig. 6). A concentration-
elated induction of MN  was observed at concentrations above
5 �g/mL SiO2@ZrO2

cryst. On the other hand, the increase in
N frequency was only statistically significant at 50 �g/mL

ig. 5. Measurement of total protein content in MG-63 cells. After incubation with SiO2@
ssay.  Color development was  measured at 540 nm.  Results are expressed as % basal and 
itochondrial activity was determined by the conversion of the tetrazolium salt to
 at 570 nm after cell lysis in DMSO. Results are expressed as % basal and represent
trol, p < 0.001.

SiO2@ZrO2
am (p < 0.05). The increased frequencies were even

higher than for the bleomycin (BLM)-treated cells used as positive
control.

The Single Cell Gel Electrophoresis (SCGE) or comet assay
detects single- and double-strand DNA breaks. Under alkaline
conditions, additional DNA damages are detected, such as aba-
sic sites. As is shown in Fig. 7, SiO2@ZrO2

cryst and SiO2@ZrO2
am
produced a significant genotoxic effect in MG-63 cells from 5
and 10 �g/mL (p < 0.05), respectively. Moreover, the genotoxic-
ity increases with concentration, for both types of particles. At

ZrO2
cryst or SiO2@ZrO2

am, total protein content was determined by the BCA Protein
represent the mean ± SEM (n = 15), * significant differences versus control, p < 0.05.
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ig. 6. Genotoxicity of SiO2@ZrO2 particles in MG-63 cells. Micronuclei induction in
ean  ± SEM (n = 3), * significant differences versus control, p < 0.05. BLM stands for

0 �g/mL SiO2@ZrO2
cryst, there is a decline in the effect on the tail

oment; however, the difference with the effect at the lower con-
entration (10 �g/mL) was not statistically significant. Altogether,
hese results suggest that crystalline zirconia-coated particles
nduced genotoxic effects at lower concentrations than the amor-
hous analogue.
.4. Mechanism of action

For a better understanding of the possible mechanism involved
n the cyto- and genotoxicity of zirconia-coated colloidal silica

ig. 7. Genotoxicity of SiO2@ZrO2 particles in MG-63 cells. Induction of DNA damage dete
ith  SiO2@ZrO2

cryst or SiO2@ZrO2
am for 24 h, cells were lysed and DNA fragments were pro

epresent the mean ± SEM (n = 150), * significant differences versus control, asignificant di
s  a positive control.
3 cells after 24 h exposure to SiO2@ZrO2
cryst or SiO2@ZrO2

am. Results represent the
ycin used as a positive control.

spheres in MG-63 cells, we  evaluated the effect on oxidative stress
through the measurement of ROS level by the oxidation of the probe
DHR-123 and the determination of the ratio of the redox couple
GSH/GSSG. DHR-123 is a mitochondria-associated probe that is oxi-
dized to rhodamine123, which can be detected by fluorescence.
Only incubation of MG-63 osteosarcoma cells with SiO2@ZrO2

cryst

caused an increase in induction of ROS, at the highest concen-

tration tested (100 �g/mL), Fig. 8. At the highest concentration,
SiO2@ZrO2

cryst caused 40% ROS increase over the basal level. How-
ever, SiO2@ZrO2

am did not change the ROS level, compared to
control values.

rmined by SCGE (Comet assay) and evaluated by the Tail Moment. After incubation
cessed by electrophoresis. After that, the nuclei were stained and analyzed. Results
fferences with the previous concentration, p < 0.05. BLM stands for Bleomycin used
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ig. 8. Induction of ROS by SiO2@ZrO2 particles in MG-63 cell line. Cells were inc
OS  production in the cells was evaluated through the oxidation of DHR-123 to R
significant differences versus control, p < 0.01.

To get a broader knowledge on the factors involved in the cel-
ular redox status, the GSH/GSSG ratio was also investigated. An
ncrease in ROS levels may  cause a reduction in GSH levels and/or
n accumulation of GSSG inside the cells. Both SiO2@ZrO2

cryst and
iO2@ZrO2

am induced a decrease in the GSH/GSSG ratio in MG-
3 cells in a concentration-dependent manner above 50 �g/mL
p < 0.001); Fig. 9.

.5. Uptake and subcellular localization
SiO2@ZrO2 particles crossed the cell membrane. MG-63 cells
reated with either SiO2@ZrO2

cryst or SiO2@ZrO2
am (50 �g/mL) for

4 h showed particles inside the cells (Fig. 10) included in intracel-
ular vesicles into the cytoplasm. Interestingly, particles within the

ig. 9. Alteration of GSH/GSSG ratio by SiO2@ZrO2 particles in MG-63 cells. Results are e
ersus  control, p < 0.001.
 with growing concentrations of SiO2@ZrO2
cryst or SiO2@ZrO2

am at 37 ◦C for 24 h.
ine123. Results are expressed as % basal and represent the mean ± SEM (n = 14),

cells were found exclusively in the cytoplasm and not inside the
nucleus.

4. Discussion

The development of novel nanoparticles is currently undergo-
ing a dramatic expansion. However, the potential toxicities of these
new materials must be understood. Indeed, a detailed assessment
of the factors that influence the biocompatibility and/or toxicity of
nanoparticles is crucial for the safe and sustainable development

of the emerging nanotechnologies [36,37]. Particularly, core@shell
structures interest researchers in the field of biomedical engineer-
ing, since they have improved properties compared to alternatives
[1].

xpressed as % basal and represent the mean ± SEM (n = 9), *significant differences
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ig. 10. Transmission electron photographs of MG-63 cells treated during 24 h with (
hagocyted material can be observed (black arrows) within vesicles. N: nucleus.

In the present study, cyto- and genotoxicity of colloidal
ore@shell particles with silica core coated with crystalline or
morphous zirconia were evaluated in vitro in human osteosar-
oma MG-63 cells, and underlying mechanisms of action were
ested.

.1. Evaluation of the cytotoxic effects of zirconia-coated silica
pheres

Cytotoxicity of SiO2@ZrO2 particles was evaluated by measure-
ent of total protein content and by the MTT  assay. A slight but

tatistically significant deleterious effect on viability of MG-63 cells
as observed only after exposure with the slightly larger particles

SiO2@ZrO2
cryst) at the higher concentration tested in both assays,

nd was less than 20%. Higher concentrations were not examined
ecause, at those concentrations, cells were covered by the parti-
les, making microscopic observation difficult.

These findings agree with a previous observation where nano
nd bulk ZrO2 particles did not alter microbial susceptibility [38].
ytotoxicity induced by ceramic particles was  studied in mam-
alian cells in vitro: ZrO2 particles did not give rise to any

ignificant difference up to 2500 particles per cell, and mortality
emained very low (less than 10%) in J774 mouse macrophages [39].

Several reports point out a difference in toxicological behavior,
epending on particle size. We  have previously reported that spher-

cal particles with an amorphous core of silica and a crystalline shell
f titanium oxide nanocrystals (SiO2@TiO2) induced less decrease
n cell viability in comparison to TiO2 nanoparticles in UMR106 cells
40]. Moreover, it has been reported that micrometer-sized TiO2 did
ot alter cell proliferation [41]; however, nanoparticles of the same
hemical composition produced a decrease in cell viability in dif-
erent cancer cell lines as well as cultured human cells [42–44]. On
he contrary, cell viability studied in 3T3 mouse fibroblasts indi-
ated that nano ZrO2 and TiO2 were less toxic than microparticles
p to 200 �g/mL [45].

Cytotoxicity of particles might be lessened by increasing the size
r by the presence of the shell itself. Cell viability of core@shell
aterials has been evaluated in vitro in different systems. A recent

tudy conducted to assess the biocompatibility of Fe3O4@Au par-
icles showed no cytotoxicity for this material on mouse fibroblast
ell line [46]. Another report showed that ZnO@TiO2 particles were
ess toxic than ZnO nanoparticles towards human epithelia cells
47]. Moreover, uptake and toxicity studies with Ru@SiO2 nanopar-
icles in early life stages of Zebra fish embryos in vivo showed that
hey mainly accumulate on the chorion of embryos and exhibit no
vert embryotoxicity [48].

.2. Genotoxic effects of zirconia-coated silica spheres
As DNA damage plays an important role in carcinogenesis,
e investigated whether core@shell spheres were able to induce

enetic damage in human osteosarcoma cells in vitro. One indicator
2@TiO2
cryst 50 �g/mL; (C) SiO2@TiO2

am 50 �g/mL. (A) Negative control. Intracellular

of genotoxicity is increased MN frequency. We observed increased
MN frequency in binucleated MG-63 cells exposed to SiO2@ZrO2
particles. However, SiO2@ZrO2

cryst induced a stronger and statisti-
cally different response in comparison to SiO2@ZrO2

am. Moreover,
the genotoxic effect started at lower concentration.

Another indicator of genotoxicity is the DNA  damage observed
by the induction of ‘comets’. Under alkaline conditions, the comet
assay detects single- and double-strand DNA breaks as well as sites
where excisions and repairs have occurred [49]. We evaluated the
tail moment parameter which is defined as the Tail Length × DNA
amount in the tail. DNA amount is determined through the intensity
of fluorescence. The distance of DNA migration is used to measure
the extent of DNA damage. However, if DNA damage is relatively
high, the tail increases in fluorescent staining intensity but not in
length. For these reasons, it is useful to use the Tail Moment as
a genotoxic endpoint [50]. In this assay, we demonstrated that
SiO2@ZrO2

cryst induced a significant genotoxic effect in MG-63
cells, which began at a lower concentration than SiO2@ZrO2

am.
Overall, these results suggest that both particles induced DNA
breaks in MG-63 cells, leading to a positive result in the comet assay
and MN induction. However the genotoxic effect of the crystalline
form is detected at lower concentrations.

Previous studies have demonstrated the genotoxicity of
hydroxylapatite/ZrO2 composite particles, studied by the MN  assay.
The genotoxic effect increased with a higher proportion of ZrO2
and with the increase in the concentration of the composite [51].
On the contrary, it has been reported that there was  no significant
difference in MN  formation rates when L929 cells were exposed to
Fe3O4@Au composite magnetic nanoparticles [46].

4.3. Particle size and crystalline structure-dependence toxicity

In the current study, SiO2@ZrO2
cryst and SiO2@ZrO2

am parti-
cles present equivalent chemical composition. However, only the
former exhibits crystalline structure at the shell. This could be one
explanation for the genotoxicity differences. In the last decade,
toxicological studies have demonstrated that adverse effects may
be dependent on the surface area of nanoparticles [52–56]. Par-
ticularly, it has been demonstrated that cytotoxicity and cellular
uptake of silica@polymer nanospheres in mouse macrophage RAW
264.7 and rat pheochromocytoma PC-12 cells in vitro depend on
surface composition [57]. Moreover, toxicity of a material may
also depend on its crystalline form, as demonstrated for rutile and
anatase titanium dioxide, which have the same chemical com-
position but different crystalline structure, and hence different
chemical and physical properties [52]. Another explanation for the
differences found in the cytotoxicity and genotoxicity tests might
be particle size. Particles with non-crystalline shells had a mean

diameter of 891 ± 34 nm,  while particles with crystalline shell had
a mean diameter of 782 ± 19 nm.  This difference, although small,
could cause diverse results in the toxicological studies. Previously,
it has been demonstrated that particle size is a very important
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hysico-chemical characteristic in determining the adverse health
ffects [58,59].

.4. Mechanism of action

Given that nanoparticles induce ROS-mediated genotoxicity in
ammalian cells [60–63], we have investigated the putative cell

eath mechanisms triggered by the particles on osteoblast-like
ells through the determination of the oxidative stress by means of
OS production and the GSH/GSSG ratio. Particle toxicity has been
reviously associated with capacity to induce formation of ROS,
robably by interacting with mitochondrial redox centers [64–66].
SH is one of the major reducing agents in mammalian cells. This

hiol acts by sequestering free radicals and regulating the redox
tatus by means of the couple GSH/GSSG [67]. A sustained increase
n ROS levels may  cause an accumulation of GSSG inside the cells.
ecause of this, the determination of GSH/GSSG ratio is relevant to
he investigation of oxidative stress [68].

Our findings showed that only SiO2@ZrO2
cryst induced an

ncrease in ROS levels in MG-63 cells at the highest concentra-
ion assayed, which may  explain its toxic action associated with

itochondrial injury (MTT assay) or with the decrease of the total
rotein content. SiO2@ZrO2

am did not produce an increase in ROS
evels in the cells. This effect agrees with the results in the cell
iability assays, which showed no statistically significant modi-
cation. Moreover, both types of particles induced a decrease in
he GSH/GSSG ratio in MG-63 human osteosarcoma cell line reach-
ng about 65% at the higher doses (50 and 100 �g/mL). Overall, it
an be assumed that in SiO2@ZrO2

cryst-treated cells, the free radi-
als decrease the concentration of important cellular compounds
nd cause weakness of the antioxidant system, making the cells
ore vulnerable to oxidative damage. These results suggest that

he depletion of GSH concentration would mediate the cytotoxic
ction of the crystalline zirconia-coated particles. On the other
and, the relationship between ROS levels and GSH/GSSG ratio in
iO2@ZrO2

am-treated cells is very intricate since no evident corre-
ation could be established. In fact, these particles maintained ROS
evels at control values determined by DHR-123 method. Never-
heless, they caused a decrease of GSH/GSSG ratio. A mechanism
nvolved in the deleterious action of the particles on these thiol-
ontaining molecules may  be related to the effect of other free
adicals that cannot be detected by DHR-123 probe such as super-
xide radical anion [69,70].

With regard to particle genotoxicity, the increase in ROS lev-
ls measured by the oxidation of DHR-123 and the decrease of
he GSH/GSSG ratio could explain the genotoxic damage at the
igher concentrations (>50 �g/mL). However, at lower concentra-
ions, other mechanisms of genotoxicity could take place [71].
he elicitation of genetic damage in the absence of inflamma-
ion might be caused by an indirect mechanism that results from
he enhanced production of ROS by cellular constituents including

itochondria or by a direct mechanism involving the interaction of
articles with DNA, that is, a direct physical interaction upon entry
f particles into the nucleus [72]. However, genotoxicity induced
y particles has been described in the absence of particles within
he nucleus. This effect could be the result of the release of low-

olecular-weight substances which can diffuse into the nucleus
such as transition metal ions), or oxidizing species generated near
he surfaces of the particles (such as 4-hydroxy-2-nonenal or per-
xynitrite) [71].

Physical mechanisms which induce deleterious actions depend
n the size and the surface of the particle [73], and include disrup-

ion of lipid membranes, formation of holes and/or thinned regions
74], unfolding of proteins [75], and inactivation of specific DNA
epair proteins due to the process of adsorption, which often results
n conformational changes of intracellular proteins and exposure
esearch 770 (2014) 85–94

of amino acid residues that are normally buried in the core of the
native protein, as was  demonstrated for metallic nanoparticles [76].

4.5. TEM observations

In an attempt to gain deeper insight in the mechanism involved
in the toxicity of colloidal silica spheres coated with crystalline or
amorphous zirconia on human osteosarcoma cells, we  studied the
uptake and subcellular localization of the particles by TEM. After
24 h exposure, colloidal particles crossed the cell membrane and
formed intracellular vesicles; however, they remained outside the
nucleus. These findings agree with the previously reported intracel-
lular localization of colloidal silica spheres coated with crystalline
titanium dioxide particles in murine osteosarcoma cells [40]. Inter-
nalization of particles exclusively in the cytoplasm has also been
observed with other particles and different cells [77,78]. Internal-
ization of particles in MG-63 cells may  proceed via pinocytosis,
which is a fluid-phase endocytosis mechanism which occurs when
particles bind to cell membranes and lead to the formation of
vesicles [79,80]. This phenomenon might explain the particle inter-
nalization arranged in perinuclear fashion observed in the present
investigation.

5. Conclusions

Colloidal silica spheres coated with crystalline or amorphous
zirconia were found inside the cells, forming vesicles; however,
none of them entered the nucleus. SiO2@ZrO2

cryst reduced cell
viability at 100 �g/mL, associated with an increase of ROS  forma-
tion and depletion of thiol-reducing agents. These effects could
be related to DNA damage detected by the comet and MN  assays.
SiO2@ZrO2

am caused neither cell viability reduction nor increase of
ROS levels at the range of concentrations studied (up to 100 �g/mL).
However, these particles produced DNA damage according to the
comet and MN assays. Overall, our results suggest that crystalliza-
tion of the shell of the amorphous ZrO2, generated by a thermal
treatment into nanocrystals, increased the cyto- and genotoxic-
ity, indicating particle size- and crystalline structure-dependent
toxicity.
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