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Cerium oxide (CeQ,) is an important metal oxide used
for industrial products. Many investigations about the
cellular influence of CeQO, nanoparticles have been
done, but results are contradictory. It has been reported
that CeO, nanoparticles have an anti-oxidative effect in
cells, but it has also been reported that CeO, nanopar-
ticles induce oxidative stress. We investigated the po-
tential influence on cells and the mechanisms induced
by CeO, nanoparticles in vitro. We prepared a stable
CeO, culture medium dispersion. Cellular responses in
CeO, medium-exposed cells were examined. Cellular
uptake of CeO, nanoparticles was observed. After
24-h exposure, a high concentration of CeO, nanopar-
ticles (~200mg/ml) induced an increase in the intra-
cellular level of reactive oxygen species (ROS); a
low concentration of CeQO, nanoparticles induced a
decrease in the intracellular ROS level. On the other
hand, exposure of CeQO, nanoparticle for 24h had
little influence on the cell viability. Exposure of CeQO,
nanoparticles increased the intracellular Ca*" concen-
tration and also Calpain was activated. These results
suggest that CeO, nanoparticles have a potential
to induce intracellular oxidative stress and increase
the intracellular Ca?" level, but these influences are
small.

Keywords: Oxidative stress/Endocytosis/New Effects
of Biomaterials/Radicals/Toxicity.

Abbreviations: DCFH-DA, 2',7-dichlorofluorescin
diacetate; DLS, dynamic light scattering; DMEM,
Dulbecco’s modified Eagle medium; FBS, foetal
bovine serum; ROS, reactive oxygen species.

Cerium oxide (ceria; cerium dioxide; CeO,) has been
widely used for various industrial materials (polishing
agents and fuel additives) as well as for catalysis in
industrial reactions. Recently, the production of nano-
particles (defined as particles in which at least one
dimension is <100 nm) has been increasing.

Nanoparticles have superior physical and chemical
properties for industrial use than fine-scale particles
because of the increase in surface area per weight.
These properties may be beneficial in industry, but
they also may affect animals, humans and the environ-
ment. Some metal oxide nanoparticles such as CuO,
NiO and ZnO are strongly cytotoxic (/—4).

There are investigations on focus of the influence of
CeO, nanoparticles on living cells, but results from
different studies contradicted each other. A study of
an energy-efficient diesel fuel additive that included
CeO, nanoparticles showed that it did not influence
biological responses such as induction of oxidative
stress and inflammation (5, 6). CeO, nanoparticles
were not mutagenic to bacteria (6) and CeO, nanopar-
ticles did not injure DNA and chromatin in human
cells (7). Some investigations indicated that CeO,
nanoparticles had anti-oxidative activity and protected
rodent nerve cells and human bronchial cells from oxi-
dative stress (8, 9). CeO, nanoparticles showed super-
oxide dismutase (SOD)-like activity and protected
cells from oxidative stress (/0). CeO, nanoparticles
have a potential to reduce the production of reactive
oxygen species (ROS) in macrophages (/7). Exposure
of CeO, nanoparticles to epithelial cells induced induc-
tion of the anti-oxidant enzyme HO-1 via the Nrf-2
pathway (/2). In these investigations, CeO, nanoparti-
cles were not toxic. The results suggested that CeO,
nanoparticles are beneficial for human health due
to their anti-oxidative activity. In contrast, it has also
been reported that CeO, nanoparticles induce oxida-
tive stress and subsequent cytotoxicity in cells (73, 14).
Moreover, CeO, nanoparticles attacked the outer
membrane of Escherichia coli cells and showed a
lethal effect (15). These conflicting results may limit the
use of CeO, nanoparticles. Understanding the true
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biological influence of CeO», nanoparticles is therefore
important.

In all of above results, oxidative stress was an
important factor. In fact, oxidative stress is also an
important factor for human health. Strong and sus-
tained oxidative stress leads to increase in the risk of
cancer, cardiovascular disease or neurological disease.
Conversely, mild oxidative stress can induce benefi-
cial effects such as activation of defense systems as
‘eustress’ (/6). Hence, understanding the association
between oxidative stress and cellular responses is im-
portant for risk assessment.

As described previously, some metal oxide nanopar-
ticles such as CuO and ZnO induce strong oxidative
stress in cells (4, 9). In many cases, metal oxide nano-
particles that show oxidative stress-related cytotoxicity
are soluble in the culture medium and the cytotoxicity
is caused by the release of metal ions. In general, CeO,
particles are insoluble in water. CeO, nanoparticles
show strong adsorption of protein and calcium ions
(Ca*") (17). We reported that the adsorption of com-
ponents of the culture medium to CeO, nanoparticles
induce artificial cytotoxicity in vitro due to medium
depletion. However, the influence of adsorbed mater-
ials on the surface of CeO, nanoparticle on cells is
unclear.

In the present study, cellular responses induced by
CeO, nanoparticles were examined. We particularly
focused on oxidative stress and also examined the in-
fluence of adsorbed Ca®* on CeO, nanoparticles and
the possible mechanisms underlying this process.

Materials and Methods

Cell culture

Human keratinocyte HaCaT cells were purchased from the German
Cancer Research Center (DKFZ, Heidelberg, Germany). Human
lung carcinoma AS549 cells were purchased from the RIKEN
BioResource Center (Tsukuba, Ibaraki, Japan).

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Invitrogen Corporation, Grand Island, NY,
USA) supplemented with 10% heat-inactivated foetal bovine serum
(FBS) (CELLect GOLD; MP Biomedicals Incorporated, Solon, OH,
USA), 100 U/ml penicillin, 100 pg/ml streptomycin and 250 ng/ml
amphotericin B (Nacalai Tesque Incorporated, Kyoto, Japan). In
the present study, this DMEM preparation is referred to as
‘DMEM—FBS’. Cells in DMEM—FBS were placed in 75-cm?
flasks (Corning Incorporated, Corning, NY, USA) and cultured at
37°C in an atmosphere of 5% CO,. For examinations, cells were
seeded in 96-well plates (for cell viability assays) or 6-well plates
(for other assays) at 2x 10° cells/ml and incubated for 24h. For
confocal laser microscope observation, cells were seeded in glass
bottom dishes (Matsunami Glass Ind. Ltd., Kishiwada, Japan).
Subsequently, the culture medium was exchanged for CeO,—
DMEM-FBS dispersion medium and cells cultured for another 2,
6, 12 or 24 h.

Preparation of CeO>-medium dispersions
CeO, nanoparticles were purchased from C. I. Kasei Company,
Limited (Tokyo, Japan). Particles were produced by physical vapour
synthesis (PVS). Fine CeO, particles were purchased from Junsei
Chemical Company, Limited (Tokyo, Japan). Properties of primary
particles are shown in Table 1. Their specific surface areas were
measured by the Brunauer—Emmett—Teller (BET) method.
A stable and uniform dispersion was prepared by pre-adsorption
and centrifugation.

A CeO, nanoparticle induces medium depletion due to its adsorp-
tion ability (/7). To prevent cell starvation because of adsorption of
medium components onto the surface of CeO, particles, the protein
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Table 1. Properties of CeO, primary particles.

Specific surface area (m?/g)

Primary BET BET
particle Purity® Manufacturer’s multi  single
size® (nm) (%) data® points  point
Nano-CeO, 14 >99.8  61.0 55.9 55.6
Fine-CeO, 400 99.9  69.2 153.6  150.3

“According to manufacturer’s data sheets. Other data were
measured in this study.

adsorption ability of CeO, nanoparticles was saturated by
pre-treatment with FBS. CeO, particles were dispersed in 80 mg/ml
FBS. The dispersion was subsequently centrifuged at 16,000g for
20 min. Precipitated CeO, particles were washed with FBS-free
DMEM and redispersed in an equivalent volume of fresh
DMEM-FBS. The secondary particle size in the dispersion was
made uniform by step-wise centrifugation. The dispersion of nano-
particles in DMEM—FBS was centrifuged at 8,000g for 20 min. After
discarding the supernatant, the precipitate was resuspended in an
equal volume of fresh DMEM—FBS. The resulting CeO, dispersion
was centrifuged at 4,000g for 20 min. The process described above
was repeated until the supernatant collected became a uniform and
stable CeO, dispersion. Centrifugal force was gradually reduced
from 2,000g to 1,000g. The dispersion of fine particles was prepared
following the same procedure described above, but with centrifuga-
tion carried out at 500g. Fractions of CeO, nanoparticles centrifuged
at 4000g and 1000g were used for evaluation of cellular responses.

Characterization of CeO,-medium dispersions

In the present study, a ‘secondary particle’ was defined as a complex
aggregate of primary particles, proteins from FBS and other medium
components. ‘Average particle size’ was defined as the size of
secondary particles as estimated from light-intensity measurements
assuming that the aggregate was globular. The CeO,—DMEM—FBS
dispersion prepared via the aforementioned method was divided into
three parts. These parts were used to carry out simultaneous bio-
logical examinations and to take measurements of the concentration
and particle size of CeO,.

The secondary particle size in the CeO,—DMEM—FBS dispersion
was measured by dynamic light scattering (DLS). Details of this
experiment are described elsewhere (/8, 79). The estimated diameter
of a secondary particle was the mean of three measurements using: a
homodyne DLS particle analyser (DLS7000, Otsuka Electronics
Company, Limited, Hirakata, Japan) with a goniometre system
and a 35-mW He—Ne laser at a wavelength of 632.8 nm; a fiberoptic
particle analyser (FPAR1000, Otsuka Electronics Company,
Limited) with a 5-mW semiconductor laser at a wavelength of
658 nm and a heterodyne DLS particle analyser (Nanotrac UPA
151, Microtrac Incorporated, Montgomeryville, PA, USA) with a
3-mW semiconductor laser at a wavelength of 780 nm. Samples for
measurement of particle size and cytotoxicity assay were obtained at
1cm from the surface of the solutions in a static 15-ml tube. CeO,
concentration was measured by X-ray fluorescence (XRF) analyses.
Briefly, 13 ml of metal oxide—-DMEM—FBS dispersion was added to
13ml of a standard solution (including 0.1 mg/ml of Fe as an internal
standard element) and mixed well. Then, 5ml of the mixture was
dried in an oven at 200°C for 24 h. A dried sample was ground in an
agate mortar. XRF was done using a dispersive X-ray fluorescence
spectrometer JSX-3201 (Jeol Limited, Tokyo, Japan). The amount
of cerium was estimated from the molar ratio of cerium and the
internal standard. The specific surface areas were measured by the
BET method.

Determination of the viability and proliferation of cells
Two assays were conducted for cytotoxicity determination: 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay
and lactate dehydrogenase (LDH) assay.

In MTT assays, cells were incubated with 0.5mg/ml MTT
(Nacalai Tesque Incorporated) at 37°C for 2h. Next, isopropyl
alcohol containing 40 mM HCI was added to the culture medium
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(3:2 v/v) and mixed with a pipette until the formazan had completely
dissolved. The optical density of the formazan was measured at
570nm using a Multiskan Ascent plate reader (Thermo
Labsystems, Helsinki, Finland).

In LDH assays, LDH release was measured with tetrazolium salt
using a cytotoxicity detection kit™™S (LDH) (Roche Diagnostics
GmbH, Mannheim, Germany) according to the manufacturer’s
protocol. Cytotoxicity was calculated as follows:

Cytotoxicity (%) =(experimental value — low control)/

M

(high control — low control)x100.

The low control (refers to the spontaneous release of LDH) was
determined as the LDH released from untreated normal cells. The
high control (refers to the maximum release of LDH) was deter-
mined as the LDH released from cells lysed by a solution provided
in the kit.

Colony-forming ability (i.e. cell proliferation) was detected by a
clonogenic assay based on the methods of Herzog et al. (20) and
Franken et al. (21). Briefly, cells were seeded in six-well microplates
(Corning Incorporated) at 300 cells per well. Cells were allowed to
attach for ~14h and treated with 2ml of CeO,—DMEM—FBS dis-
persions from the dispersions. Cells were then cultured for the time
period required for control cells to form colonies (one colony was
defined as <50 cells), i.e. 7 days. After completion of the culture
procedure, the dispersions were removed and cells washed with
2ml phosphate-buffered saline (PBS). After fixation with 100%
methanol for 15min, cells were stained with Giemsa solution
(Nacalai Tesque Incorporated) diluted 1:50 in water for 15min
and rinsed with distilled water. The number of colonies was counted.

Assay for caspase-3 activity

To obtain total cell extracts, CeO,-treated cells were first collected by
0.25% trypsinization. They were then washed with cold PBS and
resuspended on ice for 10min in lysis buffer (150mM NaCl,
50mM Tris—HCI, pH 7.4), 50mM NaF, SmM ethylenediamine
tetra-acetic acid (EDTA), 0.5% Triton X-100 and 1 mM Naz;VO,,
along with a protease inhibitor cocktail tablet (Roche Diagnostics).
Nuclei and non-lysed cellular debris were removed by centrifugation
at 10,000g for 1 min.

Protein concentration was determined by the bicinchoninic acid
(BCA) method using BCA protein assay kit (Thermo Fisher
Scientific Incorporated, Rockford, IL, USA) with bovine serum
albumin as a standard. Caspase-3 activity was measured by cleavage
of the Asp—Glu—Val—Asp (DEVD) peptide-conjugated 7-amino-4-
trifluoromethyl coumarin (AFC), according to the protocol outlined
by the manufacturer of the caspase-3 fluorometric protease assay kit
(Medical and Biological Laboratories Company Limited, Nagoya,
Japan). Substrate cleavage, which resulted in the release of AFC
fluorescence (excitation, 400 nm; emission, 505 nm), was measured
using a Fluoroskan Ascent CF plate reader (Thermo Labsystems).

Measurement of the level of intracellular ROS and
hydroperoxide

Intracellular ROS were detected using dichlorofluorescin diacetate
(DCFH-DA; Sigma—Aldrich, St Louis, MO, USA). DCFH-DA was
dissolved in dimethyl sulfoxide (DMSO) at SmM as a stock solution
and stored at —20°C. After incubation of cells with the
CeO,—DMEM-FBS dispersions, the dispersion was changed to
serum-free DMEM containing 10 pM of DCFH-DA and incubated
for 30 min at 37°C. Cells were then washed once with PBS, collected
by 0.25% trypsinization, washed again with PBS and resuspended in
500 pl of PBS. Cell samples in PBS were excited with a 488-nm argon
laser in the Cytomics FCS500 flow cytometry system (Beckman
Coulter Inc., Brea, CA, USA). The emission of 2.7-
dichlorofluorescein (DCF) was recorded at 525nm. Data were col-
lected from at least 5,000 gated events.

Intracellular hydroperoxide was detected using diphenyl-1-
pyrenylphosphine (DPPP; Dojindo Laboratories, Kumamoto,
Japan) (22). DPPP was dissolved in DMSO at 5SmM as a stock
solution and stored at —20°C. After incubation of cells for another
24 h with the CeO,—DMEM—FBS dispersion, the medium was chan-
ged to serum-free DMEM containing 50 uM of DPPP and incubated
for 30 min at 37°C. Cells were then washed with PBS, harvested by
trypsinization, washed again with PBS and resuspended in 3ml of
PBS. Cell samples in PBS were excited with a 351-nm argon laser.

Cellular responses induced by CeO, nanoparticles

The emission of DPPP oxide was measured at 380 nm using an
RF-5300PC spectrofluorophotometer (Shimadzu Corporation,
Kyoto, Japan). After measurement, cells were collected and mea-
sured for protein concentration. DPPP oxide fluorescence was nor-
malized by cellular protein concentration.

Observation by transmission electron microscopy

CeO,-exposed cell specimens were observed by transmission electron
microscopy (TEM). TEM specimens were prepared as follows. Cells
were fixed using 2.5% glutaraldehyde (TAAB Laboratories
Equipment Ltd., Aldermaston, Berkshire, UK.) for 2h at 4°C and
1% osmium tetroxide solution for 2 h at 4°C. They were then dehy-
drated in ethanol and embedded in epoxy resin. Ultra-thin sections
were cut with a diamond knife with ultra-microtomy. TEM obser-
vations were achieved using an H-7000 transmission electron micro-
scope (Hitachi, Tokyo, Japan). The acceleration voltage was 75kV.

Determination of protein and Ca®* concentration

CeO, particles were dispersed in DMEM—FBS at 1, 5, 10, 50 and
100 mg/ml and mixed well. Then particles were removed from the
dispersion with centrifugation at 16000g for 20 min and the super-
natant collected for the determination of the concentration of pro-
tein and Ca*".

The protein content of the culture medium was determined by the
BCA method with bovine serum albumin as a standard. The Ca**
content of the culture medium was determined by the O-cresolphtha-
lein complexone (OCPC) colour development method using Wako
calcium-C kit (Wako Pure Chemical Industries, Osaka, Japan).
DMEM without serum and Ca®* was used as a blank.

Measurement of the level of intracellular Ca**

Intracellular Ca®" was detected using 1-[2-amino-5-(2,7-difluoro-6-
hydroxy-3-ox0-9-xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)
ethane-N,N,N’,N’-tetraacetic acid, pentaacetoxymethyl ester (Fluo
4-AM; Dojindo Laboratories, Kumamoto, Japan).

Fluo 4-AM was dissolved in DMSO at 1 mg/ml as a stock solution
and stored at —20°C. After incubation of cells with the
CeO,—DMEM-FBS dispersions, the dispersion was changed to
Fluo 4-AM working solution [50 pl of Fluo 4-AM stock solution
and 80 pul of 5% Pluronic F-127 (AnaSpec Incorporated, Fremont,
CA, USA] in 10ml of Hanks’ buffered solution (Gibco) and incu-
bated for 1 h at 37°C. Cells were then washed once with PBS, col-
lected by 0.25% trypsinization, washed again with PBS and
resuspended in 500 pul of PBS. Cell samples in PBS were excited
with a 488-nm argon laser in a Cytomics FC500 flow cytometry
system. The emission of Fluo 4 was recorded at 525nm. Data
were collected from at least 5,000 gated events.

For confocal laser microscope observation, after incubation of
cells with the CeO,—DMEM—FBS dispersions, the dispersion was
changed to serum-free DMEM including 5 pg/ml of Fluo 4-AM and
incubated for 1h at 37°C. Cells were then washed once with PBS,
DMEM-FBS was added and the fluorescence of Fluo-4 was
observed by confocal laser microscope (Fluoview FV10i, Olympus
Corporation, Tokyo, Japan). Observation was performed under ex-
citation and emission wavelengths were 494 and 516nm,
respectively.

Assay for calpain activity

Calpain activity was measured using a calpain activity assay kit
(Medical and Biological Laboratories Company Limited). Calpain
activity was measured by cleavage of the calpain substrate
Ac-LLY-conjugated AFC. After incubation of cells with the
CeO,—DMEM—FBS dispersions, cells were collected by 0.25% tryp-
sinization. To obtain total cell extracts, CeO,-treated cells pellet was
then resuspended in 100 pl of extraction buffer (supplied by the
manufacturer) and the cell suspension incubated on ice for 20 min.
Non-lysed cellular debris were removed by centrifugation at 10,000g
for 1 min. Protein concentration was determined using a BCA pro-
tein assay kit with bovine serum albumin as a standard. The cell
lysate (including 100 pg of protein) was used for assay. The meas-
urement of calpain activity was done according to the manufactur-
er’s protocol.
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Statistical analyses

Data are mean + standard deviation from at least three separate ex-
periments. Statistical analyses were done via an analysis of variance
(ANOVA) using Dunnett’s or Tukey tests for multiple comparisons.
Calculation methods are described in each figure legend.

Results

Characterization of the CeO,—DMEM-FBS
dispersions

We prepared three types of CeO,—DMEM—FBS dis-
persion. Each dispersion had a different size of pri-
mary or secondary particle. Details of the DLS
measurement of CeO,—DMEM-—FBS dispersions are
reported elsewhere (79).

Secondary particle sizes in CeO,—DMEM—FBS dis-
persions were approximately 90—100 nm (4,000g prep-
aration of nanoparticle dispersion), 130—150nm
(1000g preparation of nanoparticle dispersion) and
190 nm (500g preparation of fine-particle dispersion)
as number-averaged particle size estimated from the
light intensity of DLS. All of the dispersions were
very stable for the experimental period employed.
The light-scattering intensities of CeO, secondary
nanoparticles did not change for at least 4 days. This
observation indicated that there was no change in sec-
ondary particle size during the experimental period.
Sedimentation of secondary particles was not
observed. The concentration of CeO,—DMEM-—FBS
dispersions therefore conformed to cell-exposure con-
centration. The specific surface areas of CeO, particles
were also measured by the BET method (Table I). The
specific surface area of CeO, nanoparticles measured
in the present study was similar to the manufacturer’s
data. The specific surface arca of CeO, fine particles
was larger than the manufacturer’s data. The specific
surface area of fine-scale CeO, was larger than for
nanoparticles. It can be supposed that the fine-scale
CeO, particles used in the present study was porous.
CeO; nanoparticles and CeO, fine particles did not
dissolve in DMEM—FBS.

Influence of CeO, particles on cell viability

First, injury to the cell membrane due to exposure to
CeO, was examined by the LDH assay (Fig. 1A). Cells
exposed to nano-scale and fine CeO, particles did not
show LDH leakage. Even if cells were exposed to intra-
cellular oxidative-induced conditions (200 pg/ml of
CeO, nanoparticles exposed for 24h), LDH activity
did not increase in the culture supernatant. The MTT
assay was also carried out (Fig. 1B). Mitochondrial
activity was significantly decreased in cells exposed to
concentrations >200 pg/ml of nano-scale CeO, par-
ticles for 24 h. The rate of decrease was 10—20% com-
pared with untreated cells. Reduction of cell viability
was not observed when CeO, concentration was
100 pg/ml. There are two possibilities for the decrease
in mitochondrial activity. One possibility is that,
although cell membrane damage did not occur, mito-
chondrial dysfunction was induced by high concentra-
tion of CeO, nanoparticles. Another possibility is that
synthesized formazan from MTT by mitochondrial de-
hydrogenase was adsorbed on CeO, nanoparticles and
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A LDH Assay
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Fig. 1 Effect of the CeO,—DMEM—FBS dispersion on cell viability.
HaCaT cells and A549 cells were exposed to the
CeO,—DMEM-FBS dispersion. (A) Cells were treated with the
dispersion for 6 and 24 h and cytotoxicity measured by the LDH
assay. The method of calculating cytotoxicity is described in the
Materials and Methods section. (B) Cells were treated with the
dispersion for 6 and 24 h and viability measured by the MTT assay.
The percentage of viable cells compared with the standardized con-
trol was 100%. (C) Caspase-3 activity in HaCaT cells exposed to
nano-scale CeO,—DMEM—FBS. Cell lysate samples were taken after
cells were exposed to the CeO,—DMEM—FBS dispersion for 6 and
24 h. Cell lysates were then subjected to caspase-3 activity assays.
Caspase-3 activity was measured using DEVD-AFC as a substrate.
**P<0.01 (Dunnett, ANOVA).

thus cell viability seemed to decrease. Actually, MTT
assay is not suitable for carbon nanotube (CNT) be-
cause MTT formazan is adsorbed to CNT fiber and it
does not dissolve (23).
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Caspase-3 activities in CeO, nanoparticles-exposed
cells were also measured (Fig. 1C). Caspase-3 is a
major apoptosis-related cysteine protease that is acti-
vated in apoptotic cells. Caspsase-3 activity did not
increase in any CeO,-exposed cells compared with un-
treated cells. This result indicates that a high concen-
tration and long period of exposure of CeO,
nanoparticles only slightly affects mitochondrial activ-
ity. CeO, particles did not cause cell death.

Influence of CeO, particles on cell proliferation

The influence of CeO, particles on cell proliferation
was examined by a clonogenic assay (Fig. 2).
Inhibition of cell proliferation was observed in cells
exposed to 200pg/ml of CeO, nanoparticles.
Inhibitory effect was not observed in A549 cells. Fine
CeO, particles did not inhibit cell proliferation in
HaCaT cells or A549 cells.

Cellular uptake of CeO, particles

HaCaT cells exposed to nano-scale and fine CeO, par-
ticles were observed using TEM (Fig. 3). Uptake of
CeO, particles into cells after 24-h exposure to nano-
particles and fine particles was also observed.

CeO, particles were detected in the cell cytoplasm.
Invasion of CeO, particles into the nucleus was not
observed. In the case of nanoparticles, intracellular
CeO, nanoparticles were present as aggregates within
phagosome-like structures. Intracellular fine particles
were present alone or as aggregates of several particles.
Sizes of intracellular CeO, aggregates approximately
corresponded to those estimated from DLS measure-
ments, but larger aggregates were also observed for
nanoparticles. This observation suggests that several
nanoparticles (including those inside of phagosomes)
were accumulated. The cell-exposure concentration of
nanoparticles and fine CeO, particles was similar,
118.3 and 120 pug/ml, respectively. The effect of pri-
mary particle size on cellular uptake was unclear, but

120
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£ 60}
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< 40
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© 20+-
&
0 Ll
0 97.4 1948 924 192.5
©  Namo  Fine
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Fig. 2 Effect of the CeO,—DMEM-—FBS dispersion on cell
proliferation. HaCaT cells and A549 cells were exposed to the
CeO,—DMEM-FBS dispersion. Cell proliferation was measured by
the clonogenic assay. After the cells were cultured with the
CeO,—DMEM-FBS dispersion for 7 days, the number of colonies
were counted. Cell proliferation standardized to control (100%).
*P<0.05 (versus control, Dunnett, ANOVA).

Cellular responses induced by CeO, nanoparticles

there was a tendency for more nanoparticles than fine
particles to be internalized within cells. We did not
measure the mass of internalized CeO, in cells.
Cellular uptake was observed at only 24-h exposure.
Therefore, at this point, the distinction of kinetics of
cellular uptake between nanoparticles and fine par-
ticles could not be ascertained.

Intracellular oxidative stress in cells exposed to CeO,
Next, we examined the induction of intracellular oxi-
dative stress by internalized CeO, cells. The
CeO,—DMEM-—FBS dispersions of approximate con-
centration 100 and 200 pg/ml were applied to HaCaT
cells and A549 cells. Intracellular levels of ROS were
measured at 2, 6, 12 and 24h (Fig. 4A). When CeO,
nanoparticle concentration was 200 pg/ml, the intracel-
lular level of ROS in cells exposed to nanoparticles for
24 h was increased to 1.3—1.5-times versus unexposed
cells. In HaCaT cells and A549 cells, the intracellular
ROS level was lowest at 6h after exposure. When
CeO, nanoparticle concentration was 100 pg/ml,
there was no induction of intracellular ROS at any
time point. When cells were exposed to CeO, nanopar-
ticles for >6h, the intracellular ROS level was signifi-
cantly lower compared with unexposed cells. On the
other hand, fine CeO, particles did not induce increase
of intracellular ROS level at any time point and con-
centrations. The intracellular lipid peroxidation level
was also measured (Fig. 4B). Cells exposed to CeO,
nanoparticles for 24 h showed a tendency to increase
the level of intracellular lipid peroxidation, but the dif-
ference was not significant. These results indicate that
a high concentration (<200 pg/ml) and/or long expos-
ure (<24h) to CeO, nanoparticles leads to oxidative
stress in cells, whereas a low concentration and/or
short exposure to CeO, nanoparticles lead to
anti-oxidative effects in cells.

Influence of Ca?* adsorption on the surface of CeO,
particles on cells

It has been reported that CeO, nanoparticles adsorbed
culture-medium components such as proteins and
Ca”* (17). The ability of CeO, particles to adsorb pro-
tein and Ca*"was therefore examined in the present
study.

Both, nanoparticles and fine particles of
CeO,showed strong ability to adsorb Ca®" (Fig. 5).
On the other hand, although CeO, nanoparticles
showed strong protein adsorption ability, CeO, fine
particles hardly adsorbed proteins.

The cellular uptake of CeO, particles was shown, so
the possibility of bringing Ca®" into cells with CeO,
particles was examined. The intracellular Ca** concen-
tration in CeO,-exposed cells was measured by Fluo 4.
When cells were exposed to both the CeO, nanoparti-
cles and the fine-scale particles, the intracellular Ca**
concentration was higher than that of unexposed cells
(Fig. 6A).

Observations of CeO2 exposure cells by confocal
laser microscope also showed increase of intracellular
Ca®" level (Fig. 6B). Fluorescence of fluo 4 was
observed at cytosol. Particularly, in CeO» fine-particle
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Fig. 3 Transmission electron microscope observations of cells exposed to CeO, particles. HaCaT cells were exposed to the CeO,—DMEM—FBS
dispersion for 24 h. The upper figure shows nanoparticle-exposed cells and the lower figure shows cells exposed to fine particles. CeO, con-
centrations in nano-scale and fine CeO, dispersions were 118.3 ug/ml and 120 pg/ml, respectively.

exposed cells, the fluorescence was overlapped to the
image of aggregated particle-like structure.

Moreover, exposure of CeO, nanoparticles at
<200 ug/ml for 24 h induced an increase in activity of
the Ca“"-dependent cysteine protease calpain (Fig. 7).
On the other hand, calpain activation were not found
in fine-particle exposed cells. These results suggested
that CeO, nanoparticles led to an increase in intracel-
lular Ca”*" concentration due to their ability to adsorb
and uptake Ca*".

Discussion

In this study, we assessed cellular influences induced by
stable CeO, nanoparticles in culture medium disper-
sion. Exposure of CeO, nanoparticles to cultured
cells induced some cellular effects. When cells were
exposed to CeO, nanoparticles at ~200pg/ml for
24 h, the intracellular ROS level was increased and
mitochondrial activity slightly decreased. In HaCaT
cells, CeO, nanoparticles inhibited colony-forming
ability. Injury of cell membrane did not occur.
Cellular uptake was observed not only for nanoparti-
cles, but also for fine particles. Cellular uptake of CeO,
particles was therefore not specific to nanoparticles.
Although nanoparticles and fine particles were taken
up into cells, cellular influences were stronger in CeO,
nanoparticles than in fine particles. Fine CeO, particles
had virtually no influence on cells. Generally, it is ex-
plained that strong cellular influences of nanoparticles
are caused by larger specific surface area than that of
fine particles. However, specific surface arca of fine
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CeO, particles used in this study was larger than
nanoparticles.

The increase of the oxidative stress by CeO, nano-
particles has already been reported. Lin et al. (13) re-
ported that CeO, nanoparticles induced oxidative
stress to A549 cells at an exposure condition of 3.5,
10.5 and 23.3 ug/ml for 24, 48 and 72 h. Induction of
intracellular ROS level and decrease of cell viability
were caused with time dependency by CeO, nanopar-
ticle exposure, in this case the exposure condition was
5, 10, 20 and 40 pg/ml for 24, 48, 72 and 96 h (/4). On
the other hand, it is also reported that CeO2 nanopar-
ticles showed anti-oxidative activity and had no influ-
ence to the cell viability, in this case the exposure
condition was 25 pg/ml for 1—16h (9).

In this study, intracellular ROS level was increased
in cells exposed to 200 ug/ml of CeO, for 24 h. The
increase in intracellular ROS level of CeOj-exposed
cells was ~1.5-times that of untreated cells. However,
this increase was weaker than that of other metal oxide
nanoparticles that induce oxidative stress (e.g., ZnO,
CuO) (3, 9, 24). Cytotoxic metal oxide nanoparticles
such as CuO, ZnO and NiO, released metal ion in the
culture medium. Their cytotoxicity was influenced by
their solubility (1, 3, 25, 26). In the present study, CeO,
nanoparticles and CeO, fine particles did not dissolve
in the culture medium. Thus, there is no possibility that
the cellular effects caused by CeO, nanoparticles were
induced by release of the ceric ion.

Moreover, when the CeO, concentration was
100 pg/ml, the intracellular ROS level was decreased
compared with untreated cells. As described above,
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Fig. 4 Oxidative stress level in CeO,-exposed cells. (A) Intracellular
ROS level in HaCaT cells and A549 cells exposed to nano-scale
CeO,—DMEM-FBS. Cells were exposed to CeO,—DMEM—FBS
dispersions for 2, 6, 12 and 24 h. Then, the medium was exchanged
with fresh, FBS-free DMEM containing 10 pM of DCFH-DA. After
incubation for 30 min, cells were collected and washed. DCFH
fluorescence in cells was measured by flow cytometry. The value

of DCFH fluorescence-standardized untreated cells was 1.
**P<0.01 (signiﬁcantlz high versus untreated cells, Dunnett,
ANOVA). "P<0.05, P <0.01 (significantly low versus untreated
cells, Dunnett, ANOVA). (B) Intracellular lipid peroxide level in
cells exposed to nano-scale CeO,—DMEM—FBS. Cells were exposed
to nano-scale and fine CeO,—DMEM—FBS dispersions for 24 h.
After incubation, the intracellular lipid peroxidation level was
measured using DPPP.

there are contradictory results that CeO, nanoparticles
induced oxidative stress in cells (/3, /4) and that CeO,
showed an anti-oxidative stress effect (8, 9). In the pre-
sent study, the influence of CeO, on the intracellular
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Fig. 5 Protein and calcium adsorption ability of CeO, particles.

(A) Protein adsorption of CeO, particles. TheCeO, particles were
dispersed in DMEM—FBS by various concentrations. After the
centrifugation, the unadsorbed protein concentration in supernatant
was measured. DMEM—FBS which does not contain any CeO,
was used as control. (B) Calcium adsorption of metal oxides.

The un-adsorbed calcium concentration of the same sample as

(A) was measured by OCPC method.

ROS level was dependent upon CeO, concentration
and exposure time. In the case of 24-h exposure,
200 pg/ml of CeO, nanoparticles induced an increase
in the intracellular ROS level; but 100 pg/ml of CeO,
nanoparticles induced a decrease in the intracellular
ROS level. In the case of 6-h exposure, the intracellular
ROS level was decreased even if CeO, concentration
was 200 pg/ml. These results suggest that CeO, could
induce oxidative stress in culture cells.

Essentially, CeO, is an insoluble and inactive par-
ticle. However, CeO, nanoparticles had cellular influ-
ences. The ability of CeO, to induce oxidative stress
was not strong; a low concentration or short duration
of exposure would drive the activation of an
anti-oxidative system in the cell. It has been reported
that expression of HO-1 (a major stress response
enzyme, known to decrease oxidative stress) was
increased by exposure to CeO, nanoparticles (/2).
Therefore, it can be inferred that cells get a temporary
resistance to oxidative stress. However, long-term or
high concentration exposure would induce dysfunction
of anti-oxidative systems such as depletion of GSH
and thus the level of oxidative stress changed to an
increase.
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Fig. 6 Intracellular Ca>* level in HaCaT cells and A549 cells exposed to nano-scale CeO,—DMEM—FBS. (A) Cells were exposed to
CeO,—DMEM-FBS dispersions for 24 h. Then, the medium was exchanged with fresh, FBS-free DMEM containing 5 pg/ml of Fluo 4-AM.
After incubation for 1h, cells were collected and washed. Fluo 4 fluorescence in cells was measured by flow cytometry. The value of Fluo 4
fluorescence-standardized untreated cells was 1. **P<0.01 (versus untreated cells, Dunnett, ANOVA). (B) Observation of fluo 4 staining CeO,
exposed cells by confocal laser microscope. Excitation and emission wavelengths were 494 and 516 nm, respectively.

Results of the present study and previous studies
(13, 14) indicate a possibility that long term exposure
of CeO, nanoparticles induce oxidative stress and cell
death including apoptosis to cultured cells.
Inconsistent results of former investigations might
have been caused by bilateral character of CeO, nano-
particles. Therefore, exposure time and concentration
are important factors for in vitro assessment of cellular
influences induced by inactive nanoparticles such as
CeO,. Additionally, CeO, nanoparticles directly dis-
persed into culture medium form large aggregates
and agglomerates. The CeO, concentration in an un-
stable medium dispersion does not reflect the cell ex-
posure concentration because large aggregates/
agglomerates accumulate on the cell. Moreover, the
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physical and chemical properties of CeO, nanoparti-
cles produced by different manufacturer will be differ-
ent, even if it has the same name ‘CeO,’. Physical
and chemical properties, at least primary particle
size, specific surface area, purity, solubility, secondary
particle size and dispersion stability are essential for
in vitro evaluation of cellular influences of CeO, nano-
particles. Actually, the question fell upon why CeO,
nanoparticles have a greater effect on cells than fine
particles.

The present study also revealed that CeO, nanopar-
ticles have strong protein and Ca>" adsorption ability.
In particular, the ability to adsorb Ca”* is strong. Ca**
is an important element for cell signalling pathways
and some enzymatic activities in cells and the
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Fig. 7 Calpain activity in HaCaT cells exposed to nano-scale
CeO,—DMEM-FBS. Cell lysate samples were taken after cells were
exposed to the CeO,—DMEM—FBS dispersion for 24 h. Cell lysates
were then subjected to calpain activity assays. Calpain activity was
measured using Ac-LLY-conjugated AFC as a substrate. *P <0.05;
**P<0.01 (versus untreated cells, Dunnett, ANOVA).

intracellular Ca®™" is very tightly controlled. In healthy
cells, Ca®* concentration is kept very low in intracel-
lular fluids. Influx of Ca*" from extracellular sources
and release of Ca®" from the endoplasmic reticulum to
the intracellular milieu has significant physiological ef-
fects. In the present study, the possibility that CeO,
nanoparticles bring Ca** into cells due to their Ca*"
adsorption ability is suggested. Internalized CeO,
nanoparticles will release Ca®" into intracellular
fluid. As a result, intracellular Ca** concentration in-
creases in CeO, nanoparticle-exposed cells and the in-
crease in intracellular Ca®t affects cell signalling
pathways. Calpain was activated in CeO,
nanoparticle-exposed cells. Calpain is a Ca®"-depend-
ent cysteine protease (27). Additionally, it is reported
that calpain activation was involved in apoptotic cell
death (28). However, calpain function is incompletely
understood. Moreover, there are other Ca’>"-depend-
ent molecules in the cell. For example, calmodulin is
involved in cell signalling (29) and cadherin is involved
in cell adhesion (30, 37). These Ca>*-dependent pro-
teins are important for cellular homeostasis. Therefore,
there is a possibility that increase in intracellular Ca*"
concentration induced by CeO, nanoparticles leads to
disruption of Ca®"-dependent molecules.

On the other hand, CeO, fine particles also adsorbed
Ca’* and intracellular Ca®>" was increased in CeO,
fine-particle exposed cells. However, increase of cal-
pain activity was not observed. Confocal laser micro-
scopic observations showed that fluo 4 fluorescence
overlapped to the image of aggregated particulate-like
structure in fine-particle exposed cells. This observa-
tion suggests the possibility that Ca®>" was adsorbed
on the surface of fine CeO, particles. It is reported
that TiO, particles adsorbed Ca®" via albumin.
Serum albumin, the predominant serum protein, is a
Ca”" binding protein, however, the Ca®* binding abil-
ity is not strong. Compared with CeO, nanoparticles
that showed a strong protein adsorption ability, CeO,

Cellular responses induced by CeO, nanoparticles

fine particles hardly adsorbed proteins. These results
suggest a possibility that CeO, nanoparticles and fine
particles adsorbed Ca’t by different mechanisms.
CeO, nanoparticles adsorb Ca*" via serum albumin
and CeO; fine particles bind to Ca®" directly. In fine
CeO, particles, Ca>™ may stay on the surface. Another
possibility of intracellular Ca=* induction is that, CeO,
nanoparticles enhance Ca®" influx. It has been re-
ported that ZnO is strongly cytotoxic and induced oxi-
dative stress and increase in intracellular Ca®"
concentration in cells (24).

CeO, exposure at higher concentration (200 pg/ml)
for 24 h to cells induced increase of intracellular ROS
and Ca®" levels and activation of calpain. However,
induction of intracellular Ca®>" was also observed in
fine CeO, particle exposed cells without increase in
intracellular ROS level. Additionally, hydrogen perox-
ide induced oxidative stress in cells but did not increase
the intracellular Ca®* concentration (data not shown).
Therefore, increase of intracellular ROS is not a direct
trigger of increase in intracellular Ca”". Weber ez al.
(32) reported that induction of oxidative stress by
H,0s-induced calpain activation and subsequent
LDH release in cultured pancreatic acinar cells. In
this study, calpain was only activated in CeO, nano-
particle exposed cells at concentration of 200 mg/ml.
At the present time, association among intracellular
ROS, calcium concentration and calpain activity is
not clear. CeO, nanoparticles adsorb not only Ca*"
but also proteins and other medium components.
Therefore, CeO, nanoparticles can also import foreign
proteins (e.g. serum albumin) into the cell. Such for-
eign proteins could be associated with an increase in
intracellular ROS concentration. Details of intracellu-
lar Ca®" induction mechanism are still unclear. In
order to understand the mechanism of increase of
intracellular Ca®>* by CeO, nanoparticle, further exam-
inations are required. In the present study, CeO, nano-
particles showed some cellular influences in vitro. Two
important cellular influences were suggested: (i) in-
crease in intracellular Ca®* concentration (possibly
caused by the Ca®" adsorption ability of CeO, nano-
particles) and (ii) induction of oxidative stress in
cells. Although these influences were small, secondary
effects such as inhibition of colony formation and
decrease in cell viability will result at high concentra-
tions of CeO..

On the other hand, there is a possibility that these
cellular influences, increase of intracellular Ca®>" and
ROS levels are artificial effects because cell culture
medium contains many proteins and salts and these
components are adsorbed to CeO, nanoparticles.
There is a more complex defensive system against oxi-
dative stress in vivo. Therefore, the influence of CeO, in
animals will be slight. However, the possibility that
CeO, nanoparticles cause local effects, such as an in-
duction of oxidative stress cannot be ignored. For
thorough evaluation of the in vivo influence of CeO,
nanoparticles, examination in animals is essential. The
clearance of CeO, particles is an important factor in
biological effects in vivo.
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