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R
ecently, several nanomaterials cur-
rently used in different manufactur-
ing domains have been scrutinized

for their potential biomedical interest.1�3

Among others, special attention has been
paid to cerium oxide (CeO2, ceria) nanopar-
ticles (nanoceria) that are currently used in
industrial applications, such as catalysis,4

gas sensors,5 UV filters,6 and solid oxide fuel
cells,7 for their unique property to store and
release oxygen.8 This is due to the presence
in ceria of a fraction of Ce ions in the Ce3þ

valence state, simultaneously with Ce4þ,
with oxygen vacancies compensating for
the lower positive charge.9 Nanoceria parti-
cles are more active with respect to the
micrometer-sized counterpart because the
defect concentration is increased at the
surface,10 as confirmed also by theoretical
studies.11 Therefore, ceria nanoparticles,
where the larger surface area is associated
with an increased number of oxygen vacan-
cies and Ce3þ ions, showed enhanced
catalytic properties12 and antioxidant cap-
ability in living systems.13�15 Moreover, a
recent first-principles study showed that the
vacancy concentration increases when ceria
is exposed towater, which could be relevant
in biological systems.16 In fact, under phy-
siological conditions, the cell oxidative me-
tabolism produces reactive oxygen species
(ROS), such as superoxide anion radical
(O2

•�), hydroxyl radical (OH•�), singlet oxy-
gen (1O2), and hydrogen peroxide (H2O2).
ROS are unstable and highly reactive
compounds able to extract electrons from
cellular macromolecules to damage DNA
and proteins and to modify membrane
fatty acids, thus impairing major cell func-
tions.17 Consistently, ROS are implied in
the pathogenesis of several diseases, such
as cancer, Parkinson's and Alzheimer's

diseases, cardiovascular dysfunctions, in-
flammatory conditions, and aging.18�21 On
the other hand, intracellular antioxidative
defense systems consisting of enzymatic
(i.e., superoxide dismutase, SOD, and
catalase) and non-enzymatic (i.e., vitamins
C and E, thiols, and glutathione) compo-
nents modulate ROS intracellular levels to
regulate, as secondmessengers, cell growth
and differentiation.22

Recent investigations have shown that
ceria nanoparticles could scavenge ROS
and act as a catalyst mimicking the activity
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ABSTRACT

Cardiac progenitor cells (CPCs) are a promising autologous source of cells for cardiac

regenerative medicine. However, CPC culture in vitro requires the presence of microenviron-

mental conditions (a complex array of bioactive substance concentration, mechanostructural

factors, and physicochemical factors) closely mimicking the natural cell surrounding in vivo,

including the capability to uphold reactive oxygen species (ROS) within physiological levels

in vitro. Cerium oxide nanoparticles (nanoceria) are redox-active and could represent a potent

tool to control the oxidative stress in isolated CPCs. Here, we report that 24 h exposure to 5, 10,

and 50 μg/mL of nanoceria did not affect cell growth and function in cardiac progenitor cells,

while being able to protect CPCs from H2O2-induced cytotoxicity for at least 7 days, indicating

that nanoceria in an effective antioxidant. Therefore, these findings confirm the great

potential of nanoceria for controlling ROS-induced cell damage.
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of SOD, the enzyme that catalyzes the dismutation of
the superoxide radical anion in living cells,23,24 and
also possess a catalase-like activity with the ability to
decompose H2O2 to O2 and H2O.

25 The analysis on two
leukocyte cell lines, undergoing apoptosis via redox-
dependent or independentmechanisms, revealed that
the intracellular antioxidant effect is the direct cause of
the anti-apoptotic and pro-survival effects of nanoceria
in vitro: nanoceria only affects the redox-dependent
apoptosis by means of Ce3þ/Ce4þ redox reactions.26

Furthermore, when embedded into poly(lactic-co-
glycolic acid) (PLGA) films, ceria nanoparticles enhance
the adhesion and growth of adult cardiac progenitor
cells (CPCs), driving their orientation into specific
directions.2

Adult progenitor cells are precursors of all differen-
tiated cells within a specific germ layer and are located
in almost every district of the body, where they are
responsible for the physiological cell turnover and
tissue repair. Progenitor cells are surviving in special
tiny regions of each tissue in which a critical environ-
ment (niche) is maintained by the surrounding cells. In
these conditions, progenitor cells can self-renew or can
be committed to a specific cell lineage.27 In the myo-
cardium, evidence for progenitor cell differentiation
and cardiomyocyte turnover is given, but such pro-
cesses appear modest and not sufficient to match the
tissue needs, when an extensive heart damage occurs,
as in myocardial infarction.28,29 Nevertheless, many
attempts at expanding cardiac progenitor cells in vitro

have been undertaken to generate a sufficient number
of suitable cells to set up clinically efficient and cost-
effective treatments.30 Progenitor cell culture in vitro

requires the presence of microenvironmental condi-
tions closely mimicking the natural cell surrounding

in vivo (niche).31,32 Among others, the antioxidant sys-
tems are fundamental to maintain ROS within physiolo-
gical levels in vitro.33 Ceria nanoparticles, either dispersed
into the culture medium or embedded into the scaffold
material, could represent a potent tool to control the
oxidative stress in isolated cardiac progenitor cells.
The present study was designed to verify to which

extent ceria nanoparticles could contribute to control
the oxidative stress and growth of adult cardiac pro-
genitor cells. The CeO2 nanoparticles used were the
samedescribed in previousworks,2,26 having size in the
5�8 nm range. In particular, the effects induced by
different amounts of nanoceria on Linneg/Sca-1pos CPCs
challenged with a potent cell oxidant agent, H2O2,
were investigated in terms of cyto-compatibility, inter-
nalization, and cell morphology and differentiation.
Such cells are shown to be negative for the expres-
sion of mature hematopoietic cell lineage markers
(Linneg) but positive for the stem cell antigen-1, Sca-1
(Sca-1pos), marker associated with multipotency and
self-renewal in bone marrow and heart.34,35

RESULTS

Nanoceria Is Internalized by CPCs. In order to define the
fate of nanoceria particles in CPCs after 7 day culture,
ultrastructural analysis was performed to detect and
localize the nanoparticles within the cells, after 24 h
exposure to 10, 25, and 50 μg/mL CeO2, as described in
the Materials and Methods section. Figure 1 shows
typical TEM micrographs of Linneg/Sca-1pos CPCs
(hereafter referred to as CPCs) after treatment with
50 μg/mL CeO2, as a representative example. Cerium
oxide nanoparticles were uptaken by CPCs and were
retained inside the cytoplasm as clusters of aggregated
particles, not encapsulated by vesicular membranes.

Figure 1. TEM micrographs of Sca-1pos CPCs. The images illustrate the presence of clusters of ceria nanoparticles (white
arrows) inside the cytoplasm, and they are representative of 50 μg/mL CeO2 treatment after 7 days. Magnification: 3400�
(left) and 11 500� (right); pM = plasma membrane, nM = nuclear membrane, Cy = cytoplasm, Nu = nucleus.
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Nanoceria Does Not Alter CPC Phenotype and Growth. After
24 h ceria stimulus, the expression of the Sca-1 antigen
was preserved in a high percentage of CPCs through-
out the culture (Figure 2). Moreover, the immunofluor-
escence analysis indicated that the morphology of
CeO2-treated versus untreated CPCs was not modified,
as shown by phalloidin staining of actin filaments
(Figure 3a�d). In fact, treated CPCs exhibited a well-
organized cytoskeleton and proper focal adhesions, as
demonstrated by the typical expression of vinculin, a
protein associatedwith cell�cell and cell�extracellular
matrix (ECM) junctions. Furthermore, after a single
initial nanoceria exposure, CPCs counts at 1, 3, and
7 days displayed a time�response but not a dose�
response effect (Figure 3e).

CPC Differentiation Is Not Altered by Nanoceria Exposure. A
hallmark of the stemness status is cell pluri/multipo-
tency, that is, the ability to generate different cell

phenotypes when progenitor cells are challenged with
appropriate stimuli. To confirm their abided multipo-
tency, nanoceria-treated CPCs were cultured in adipo-
genic or osteogenicmedia. After 10 days, lipid vacuoles
or calcium deposits were detected in cell cytoplasm,
thus demonstrating that the nanoceria treatment did
not interfere with progenitor cell ability to proceed
toward adipogenic (Figure 4a�d; scale bar = 20 μm) or
osteoblastic (Figure 4e�h) lineages.

Furthermore, when directly cocultured with murine
neonatal cardiomyocytes, nanoceria-treated Vybrant-
red-labeled CPCs proceeded to cardiac commitment
within 10 days. In fact, CPCs displayed an upregulated
expression of GATA-4, the membrane translocation of
connexin 43, and, more interestingly, the expression of
the R-sarcomeric actinin (Figure 4i�t). Differentiation
in nontreated CPCs cocultured with murine neonatal
cardiomyocytes was as expected and already reported

Figure 2. Sca-1 expression in CeO2-treated CPCs analyzed by fluorescence activated cell sorter. CPCs preserved their
stemness phenotype at all of the concentrations considered at 1, 3, and 7 days from nanoceria administration. Red curves
represent the negative control obtained by incubating Sca-1pos CPCs in the absence of anti-Sca-1 antibody. One
representative image of Sca-1 expression in untreated CPCs (control, Ctr) at 24 h after the beginning of the experiment is
given; same results were obtained at 3 and 7 days. The logarithm on the X-axis (FL1-H channel) represents the intensity of
fluorescent signal; cell number is given on the Y-axis (Events). The data are representative of three independent experiments
performed in the same conditions.
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previously32 and not significantly differentwith respect
to the CeO2-treated CPCs (Figure 4u�w).

Nanoceria Protects CPCs from Oxidative Insults. The ceria
antioxidant effects were assessed in CPCs exposed to
ROS generation and oxidative stress by H2O2. As shown
in Figure 5, no significant differences in ROS produc-
tion were detectable in CPCs preincubated with nano-
ceria for 24 h, as compared to control, thus suggesting

that CeO2 did not promote ROS generation. Instead, a
significant decrease in the intensity of DCF fluores-
cence, indicating that the ROS content was attenuated,
was observed when CPCs were challenged with H2O2,
after 24 h pretreatment with 50 μg/mL nanoceria, but
not with the smaller concentrations (10 and 25 μg/mL).
By contrast, a significant decrease in CPC intracellular
ROS levels was detectable when the effects of 25 and

Figure 3. Effects of CeO2 nanoparticles onCPCmorphology andgrowth. CeO2- untreated or treated cells [Ctr (a), 10μg/mL (b),
25 μg/mL (c), and 50 μg/mL (d)] show a well-organized cytoskeleton and good cell�cell and cell�surface interactions, as
demonstrated by staining F-actin filaments with rhodamine-labeled phalloidin (red) and antivinculin antibody (green),
respectively. Insets at the top right: detail of cell focal adhesions. Similar results were obtained after 3 and 7 days in culture.
Scale bar = 15 μm. (e) CPC growth in the presence of different CeO2 concentrations. Cell number evaluated at 1, 3, and 7 days
after 24 h exposure to nanoceria. The differences among treated and untreated (Ctr) cells were not significant (p > 0.05). The
values are expressed as means ( SD of three independent measurements.

Figure 4. Sca-1pos CPCs adipogenic, osteogenic, and cardiac differentiation in the presence of different concentrations of
CeO2. Adipogenic differentiation (a�d) was evidenced by the formation of intracytoplasmatic lipid vacuoles (green), stained
with AdipoRed. Scale bar = 15 μm. Osteogenic differentiation (e�h) was demonstrated by calcium deposits (red) which were
shownbyAlizarin Red S staining. Scale bar = 150 μm. For cardiac differentiation (i�t), Sca-1pos CPCswere pretreatedwith vital
Vybrant dye (red) and put in coculture with nCMs for 10 days. Treated CPCs preserved their ability to acquire typical cardiac
markers (GATA-4, Cx 43, andR-sarcomeric actinin, in green). NontreatedCPCs andnCMs (u�w)wereused as positive controls.
Nuclei were labeled with DAPI (blue). Scale bar = 15 μm.
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50 μg/mL CeO2 administered as single initial 24 h pulse
were allowed to proceed for 3 days before the H2O2

stimulus. Moreover, a reduced ROS production was
observed when H2O2 was added to the culture med-
ium 7 days after the nanoceria pretreatment, indepen-
dently from the nanoparticle dose (Figure 5).

DISCUSSION

Nanoparticles are actively scrutinized for their
potential noxious effects in living systems36�38 and
also for some characteristics potentially exploitable
for biotechnological and clinical purposes.1,3,39,40

However, current knowledge is still unsystematic
and restricted to particular aspects of nanoparticles'
capability to induce toxic and pathological processes
or to alter structure and function in different cell
types.41�43 Nevertheless, among nanoparticles, ceria
is redox-active and has shown potential for antioxidant
therapies controlling ROS levels.44 This nanoceria char-
acteristic could also be deployed to maintain ROS
balance in progenitor cells used for reconstructing
in vitro cardiac tissues.45

In this context, no study has been so far carried out
to define nanoparticle effects on cardiac progenitor
cell structure and function, to the best of our knowl-
edge. Stem/progenitor cells are particularly sensitive
to environmental factors,46 and the presence of alien
particles inside the cytoplasm or in the nearby extra-
cellular space could cause major perturbations in their
behavior and fate. Indeed, present findings demon-
strated that CPCs resident into the heart were prone to
uptake cerium oxide nanoparticles as aggregates, see-
mingly floating in the cytosol, while no evidence of
encapsulation or particle translocation inside vesicles
or organelles44 was found by electronmicroscopy after
7 days from ceria administration. Furthermore, free-
floating intracellular ceria nanoparticles did not alter
the CPC cytoskeleton, as defined by F-actin filaments
and DAPI-stained nuclei, and no apparent intracellular
signs (nanoparticle encapsulation, etc.) were detect-
able that could suggest that nanoparticles could be

removed or inactivated. As a matter of fact, after a
single administration, CPCs underwent a stable and
permanent ceria colonization that was not maintained
by a continued nanoparticle supply from the extracel-
lular compartment and did not provoke apparent cell
structural damages.
The integrity of ceria-intruded CPCs was also con-

firmed by the preserved Sca-1 expression and multi-
lineage potential. In fact, despite the persistent
presence of ceria nanoparticles into the cytosol, CPCs
retained the capability to multidifferentiate and, when
properly cocultured with neonatal cardiac cells, to
adopt the cardiomyocyte phenotype, as demonstrated
by the expression of cardiac-specific proteins, such as
the R-sarcomeric actinin in newly formed sarcomeres,
GATA-4, a cardiac nuclear transcription factor, and
connexin 43, a gap junction protein, which is necessary
to establish cardiomyocyte electromechanical junc-
tions. In addition, ceria did not affect CPC survival or
growth in vitro. Finally, the nanoparticle inertness
in interacting with CPC intracellular physicochemical
mechanisms was confirmed by the ceria inability to
modify basal ROS levels and to induce cytotoxicity, as
described in other mammalian cell types.47,48 Taken
together, ceria nanoparticles uptaken during 24 h
pulse persisted for the total length (7 days) of the
experiments inside CPCs cultured in a standard med-
ium deprived of nanoparticles; nonetheless, they did
not induce apparent structural and functional cell
modifications. However, in several cell types, nanoceria
plays an antioxidant and antiapoptotic role related to
the presence of Ce3þ ions.13�15,26 Moreover, in a more
recent in vivo study, a combination of nanoceria and
sodium selenite improved diabetes-induced oxidative
stress in a murine model of diabetes.49 For CPCs,
internalized ceria antioxidant effects emerged only
when cells were exposed to an oxidative stress induced
by H2O2 and were dose- and time-dependent. Follow-
ing a 24 h single pulse, 50 μg/mL ceria nanoparticles
displayed a time-dependent incrementing capability
to decrease ROS levels by 30, 50, and 75%after 1, 3, and

Figure 5. ROS production in Sca-1pos CPCs exposed to H2O2. The results indicated a time-dependent decrease in ROS
production when the cells were pretreated with different concentrations of CeO2, as assessed by DCF fluorescence (*: H2O2-
treated cells vs CeO2�H2O2-treated cells). ROS levels in the control group were arbitrarily set at fluorescence value of 1. All
data are expressed as means( SD of three independent experiments and each repeated in triplicate. The relative SD of the
samples has been calculated after normalization of the values compared to the mean values of the CeO2 untreated control
(negative) (p < 0.05).
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7 days, respectively. Instead, pulses with smaller nano-
particle doses (10 and 25 μg/mL) needed a longer
dose-related activation time to express their antioxi-
dant capability. In fact, 25 μg/mL nanoceria antioxidant
activity was displayed only after 3 days (50% reduction
as compared with untreated cells) and was maximal
at 7 days (�80%), while 10 μg/mL CeO2 preloading
attenuated ROS production (�70%) exclusively at
7 days.
These findings clearly demonstrated that uptaken

ceria nanoparticles are a potent antioxidant agent and
CeO2 preloading attenuates ROS production over time
to levels not significantly different from basal values in
untreated cells. This observation is extremely relevant
since no investigation before demonstrated that, after
an unpredictable time interval, even low intracellular
nanoparticle doses can induce effects undetectable by
conventional, although sophisticated, analysis proto-
cols. In stem cells, this possibility is particularly critical
since ROS baseline levels and genomic instability are
closely related, and the balance between ROS con-
centration and antioxidant agents is fundamental to
preserve the cellular systems devoted to DNA repair50

and the ROS key role in intracellular signaling.22

These findings are very promising for the use of
nanoceria in regenerative medicine51 since an ade-
quate presence of ceria nanoparticles embedded into
the scaffold or into cells could contribute, limiting the
generation of ROS, to create the most favorable artifi-
cial microenvironment to maintain cardiac progenitor
cells in optimal conditions during in vitro tissue growth.
The results suggest that the effective nanoceria dose
may be represented by the amount of uptaken nano-
particles, in fact after 24 h exposure, the extracellular
nanoceria was removed by repeated washings and the
protective effects occurred in the presence of cytosolic
nanoparticles even 3 and 7 days after nanoceria re-
moval. However, a proper dose has to be determined;
otherwise, the delayed effects induced by low doses of
ceria could be ineffective to adequately protect cells
against an excess of ROS.
Another noteworthy finding is the long-term anti-

oxidant action of nanoceria, unprecedented in the
conventional antioxidant drugs,26 which is persistent
up to 7 days and only due to the nanoparticles uptaken
from the cells, as confirmed by the untreated controls.
We speculate that this could be related to a possible
autoregenerative reactive cycle of cerium very likely
activated in vitro,44 thus allowing a continuous regen-
eration of the antioxidant activity, which could favor its
activity over time with a single nanoparticle adminis-
tration. Among the different hypotheses formulated to
explain the ceria antioxidant mechanisms, as stated
above, recent abiotic investigations suggested that
nanoceria could have a SOD-like activity when a
large Ce3þ fraction is present,23,24 while a catalase-like
activity is shown for nanoceria preparations with a

large Ce4þ fraction.25 The two redox reactions com-
bined allow a continuous regeneration of the nano-
ceria antioxidant activity, potentially abating all
noxious intracellular ROS via a self-regenerating
mechanism, which could be enacted over time with a
single nanoparticle administration.44 The present find-
ingsmight be the first experimental demonstration in a
biological system of the nanoceria self-regenerating
antioxidant mechanism. Nonetheless, the present time
course experiments did not exclude that, in the long
run, intracellular conditions, such as pH fluctuations
or specific enzyme actions, could vary the surface Ce
valence state, so contributing to both catalase and SOD
mimetic activity.
Present findings showed that time exposure to

nanoparticles could be a major factor in ceria effi-
ciency; in fact, nanoceria induced the same effects in
ROS levels in time intervals inversely related to doses.
Further studies are needed to fully understand this
issue, although this could imply that a “threshold”must
be reached in intracellular ceria physicochemical inter-
actions before the antioxidant effects could emerge.
In this respect, differences in nanoparticle synthesis
techniques, size, shape and charge, dosage and ex-
posure time, administration procedures, mechanisms
of cellular uptake, and intracellular trafficking could be
critical to induce ceria beneficial effects and to explain
some conflicting results so far reported about ceria
action in biological systems.3,47,52 Moreover, the influ-
ence of culture medium components on nanoparticle
charge and cell uptake and, thus, on their biological
activity, also remains to be addressed.53�55 However,
all of these hypotheses need to be investigated more
in-depth to exhaustively elucidate the time-dependent
biological mechanisms supporting ceria antioxidant
behavior.
The findings suggest another observation: the

observed mechanism could imply that nanoparticles
endowed with specific biological activities could re-
main silent inside cells for a long time interval, pro-
vided that they will not be degraded in biological
fluids, and be eventually activated by slight intra-
and/or extracellular environmental modifications. This
phenomenon could envisage a new and unexpected
scenario in the relationship between nanoparticles and
cells. In fact, the interactions can be beneficial, trigger-
ing potential therapeutic effects like in the case of
nanoceria, but can also be noxious with different
nanoparticles. Due attention must be paid to assess
the actuality of this perspective.

CONCLUSIONS

Unprecedented long-term protection from oxida-
tive stresses, up to 7 days, of cardiac progenitor cells
was demonstrated for internalized ceria nanoparticles
after a 24 h initial treatment, without further con-
tacts between CPCs and nanoceria. The internalized
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nanoceria particles, which are inert with respect to CPC
homeostasis and differentiation, remain apparently
silent inside CPCs when compared with related con-
trols and in the context of the present investigation
and, in due course, act as a defense upon oxidative
insults. The abatement of intracellular ROSmay be due
to a self-regenerating mechanism for nanoceria, invol-
ving redox cycles between the Ce3þ and Ce4þ oxida-
tion states that react with superoxide and hydrogen
peroxide, mimicking the role of the two key antiox-
idant enzymes, SOD and catalase. The present findings
might be the first experimental demonstration in a
biological system of this self-regenerating antioxidant

mechanism, previously postulated for nanoceria from
abiotic measurements.

MATERIALS AND METHODS
All experimental procedures and protocols used in this

investigation were approved by the institutional Animal Care
and Use Committee of the University of Rome Tor Vergata
(Rome, Italy).

Isolation and Culture of Murine CPCs. CPCs were extracted from
whole hearts derived from female B57/Bl mice (6 weeks old)
housed under standard conditions. The myocardial tissue was
delicately minced with a bistoury and incubated overnight at
4 �C with 0.05% trypsin in a solution of 0.02% EDTA in
phosphate-buffered saline (PBS). Subsequently, trypsin inhibi-
tor (Worthington Biochemical Corporation, Lakewood, NY,
http://www.worthington-biochem.com) was used to block the
enzymatic reaction, and tissue fragments were incubated in
collagenase II (1500 U) in Leibovitz medium (Worthington
Biochemical Corporation) for 30 min at 37 �C. Afterward, the
fragments were centrifuged for 10 min at 800g, and the pellet
was resuspended in DMEM (Dulbecco's modified Eagle's med-
ium, Lonza, Walkersville, USA, Cat. No. BE12-614F) supplemen-
ted with 10% fetal bovine serum (FBS), 100 IU/mL penicillin,
and 10 μg/mL streptomycin (Lonza; hereafter referred to as
complete medium, http://bio.lonza.com/testpages-archive/
cell-transfection-db/culture-media-database/#ext-comp-1003:
tab_20:change), filtered through a 70 μm cell strainer (Falcon
BD, Franklin Lakes, NJ, http://www.bdbiosciences.com), and
incubated at 37 �C and 5% CO2. After 24 h, the medium and
the nonadhering fragments were removed and replaced with
fresh medium. Cardiomyocytes were removed by changing
the medium every day. After 10�15 days, fibroblastoid cells
spontaneously migrated out from the fragments and reached
confluence. These nonmyocytic cells (NMCs) were trypsinized
and harvested.

NMC lineage positive (Linpos) fractions were eliminated by a
magnetic cell sorting protocol (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) in order to obtain the lineage negative
fraction (Linneg) of cell population. Briefly, cells were incubated
with a cocktail of biotin-conjugated monoclonal antibodies
(CD5, CD45R (B220), CD11b, anti-Ly-6G (Gr-1), 7-4, and Ter-
119) and then separated by anti-biotin microbead-conjugated
secondary antibody. The Linneg fraction was resuspended in
complete medium. Cell concentration was adjusted at 1.5� 104

cells/cm2 and expanded in culture.
Purification of Sca-1pos CPCs. The Linneg/Sca-1pos fraction of

CPCs (CPCs) was enriched by means of an immunomagnetic
protocol. Briefly, the cells were detached from the dish surface
by trypsin incubation, washed twice with PBS, and incubated
with a microbead-conjugated antibody directed against the
Sca-1 antigen. An aliquot of the purified cell subpopulations
(Sca-1pos, Sca-1neg) was then stained with anti-Sca-1-FITC anti-
body (BD Pharmingen, Cat. No. 553335) for 20 min in ice cold
PBS at 4 �C, centrifuged for 10 min at 800g, and resuspended in
cold PBS. Green fluorescence of the samples was registered

using a FACScalibur flow cytometer (BD Biosciences, CA, USA).
The results were analyzed using WinMDI 2.8 software.

CeO2 Nanopowder Treatment. CeO2 nanopowders, resus-
pended in ultrapure deionized H2O, were produced and char-
acterized as already described elsewhere.3,8,27 The suspensions
were freshly prepared, previously sonicated (Bandelin, Sonorex
super RK 514 BH; Berlin, Germany) for 1 h, and immediately
administered to the cells. CPCs (p7) were seeded at the con-
centration of 1.5 � 105/cm2 in complete medium and main-
tained at 37 �C in 5% CO2 atmosphere. After 24 h, the cells were
untreated (negative control) or treated with 10, 25, or 50 μg/mL
of CeO2 nanopowder. Then, the cells were incubated for an
additional 24 h, washed to remove the nanoceria powder,
incubated with fresh medium, and analysis performed at var-
ious time intervals. Scheme 1 describes the experimental pro-
tocol used to assess the effects onto cardiac precursor cells
of various nano-CeO2 concentrations at 1, 3, and 7 days after
starting the exposure to nanoparticles.

Transmission Electron Microscopy (TEM) Analysis. To investigate
intracellular CeO2 localization, CPCs were cultured in T25 flasks
(Falcon BD) at the density of 2.0 � 105 cells/cm2 in DMEM 10%
FBS and treated with 10, 25, and 50 μg/mL nanoceria for 24 h at
37 �C in 5% CO2 atmosphere. Afterward, cells were washed
three timeswith PBS, incubated for an additional 7 days, and the
medium was replaced by fresh medium at least every 2 days.
Then, cells were detached by trypsin treatment, centrifuged,
washed with PBS, and fixed overnight in 2.5% glutaraldehyde in
0.2 M phosphate buffer (pH = 7.2). The samples were postfixed
with 1% osmium tetroxide (Merck, Germany) for 2 h and
dehydrated in an ethanol series: 50, 75, 95 and 100% (�2) for
10 min. Subsequent passages in 100% alcohol and propylene
oxide (1:1) and absolute propylene oxidewere conducted. Then,
the samples were embedded in growing resin (EPON 812, EMS
USA) concentrations and placed in a 60 �C oven for 72 h. Finally,
30�50 μm sections were cut with an ultramicrotome, double
stained with uranyl acetate�lead citrate, and examined in a
Philips CM120 transmission electron microscope (TEM), oper-
ated at 60 kV and equipped with a Philips Megaview III video
camera. Images were electronically captured by AnalySys 2.0
software and composed in an Adobe Photoshop CS4 format.

Immunofluorescence Analysis of CeO2-Treated CPC Morphology and
Cardiac Differentiation. CeO2-treated CPCs were seeded at the
concentration of 2 � 104 cells/cm2 on chamber slides, washed
in PBS, fixed in 4% paraformaldehyde (PFA) in PBS containing
CaCl2 for 30 min at 4 �C, and permeabilized with 0.1% Triton
X-100. Cells were incubated with tetrarhodamine-conjugated
phalloydine (Invitrogen Corp., Carlsbad, CA, http://www.
invitrogen.com), antivinculin, anti-GATA-4, anticonnexin-43,
and anti-R-sarcomeric actinin antibodies (Sigma-Aldrich, St.
Louis, MO) in 1% PBS�BSA for 1 h at room temperature. The
appropriate fluorophore-conjugated secondary antibodies were
used. Nuclei were stained with 40 ,60-diamidino-2-phenylindole

Scheme 1. Scheme of the experimental design used to test
the CeO2 antioxidant properties. Sca-1

pos CPCswere treated
with different concentrations of CeO2 nanoparticles (10, 25,
and 50 μg/mL) for 24 h. Following a single CeO2 exposure,
cells were subjected to analysis at 1, 3, and 7 days.
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(DAPI). Secondary antibodies in the absence of a specific primary
antibody were used to exclude the occurrence of unspecific
signals. The images were taken using a Leica DMRB microscope
equipped with a digital camera.

Cell Counts. After 24 h ceria treatment, the first count
(referred as day 1) was performed. Then, the cells were counted
at days 3 and 7 after the initial nanoceria treatment. For cell
counts, CPCs were detached by using a solution containing
0.05% trypsin in 0.02% EDTA. After stopping the reaction with
complete medium, cells were centrifuged for 10 min at 800g.
The pellet was resuspended in complete medium, and counts
were performed by trypan blue exclusion method with Neu-
bauer chamber. Each count was repeated at least three times.

Differentiation Protocols. Linneg/Sca-1pos CeO2-treated CPCs
(p7) were seeded onto 35mmdishes in completemedium. After
24 h, the medium was removed and the cells were cultured in
standard adipogenic (Lonza, Cat. No PT3102B, http://bio.lonza.
com/3018.html#ext-comp-1003:tab15:change)56 or osteogenic
(DMEM 10% supplemented with 50 μg/mL ascorbic acid, 10mM
β-glycerophosphate, and10nMdexamethasone; all fromSigma-
Aldrich)57 medium for 10 days.

Adipogenic Differentiation. Adipogenic differentiation was
assessed by AdipoRed lipid assay reagent (Lonza, Cat. No PT-
7009). Briefly, cells cultured in adipogenic medium were incu-
bated for 20min in AdipoRed solution, and the presence of lipid
vacuoles was visualized under a fluorescence microscope.

Osteogenic Differentiation. Osteogenic differentiation was
assessed by staining cells with Alizarin Red S for 20 min, and
the production of calcium deposits was confirmed with light
microscopy.

Cardiac Differentiation. We followed an in vitro cardiac
differentiation protocol previously developed, using neonatal
cardiomyocytes (nCMs) isolated from 1 to 3 day old neonatal
murinehearts of C57/Bl6mice.33 For coculture experiments, nCM
preparation was plated at a density of 5.0 � 104 cells/cm2 onto
precoated glass chamber slides (Nalgene, Nunc International).
The day after, CPCs treated with different CeO2 concentrations
for 24 h were prestained with viable red fluorescent dye Vybrant
DiI (Molecular Probes, Eugene, OR) following the manufacturer's
specifications and seeded directly onto cardiomyocytes at a 1:5
ratio in complete medium. The medium was changed every
other day throughout the entire experiment. Cells were cocul-
tured for 10 days before being processed for immunofluores-
cence analysis. Control CPCs without pretreatment with CeO2

were prepared in the same conditions and used as a control.
Intracellular ROS Induction and Determination. ROS were induced

in 1.5� 104 cells/cm2 CPCs by 50 μMH2O2 treatment for 30 min
in DMEM 10% serum after being exposed for 24 h to 10, 25, and
50 μg/mL of CeO2. To quantify ROS production, the 20 ,70-
dichlorfluorescein diacetate (DCFH-DA) method was used.58

DCFH-DA is amembrane-permeant compound and, once inside
the cell, it is deacetylated by endogenous esterases to form the
nonfluorescent 20 ,70-dichlorfluorescein (DCFH). Next, DCFH is
converted to fluorescent dichlorofluorescein (DCF) compound
by the action of cellular oxidants. As a result, green fluorescence
is emitted in response to ROS production and analyzed by flow
cytometry. DCFH-DA (Sigma-Aldrich) was resuspended in di-
methyl sulfoxide (DMSO, Sigma Aldrich). Briefly, cells were
incubated with DCFH-DA solution at a final concentration of
6 μM in DMEM without serum for 30 min at 37 �C in 5% CO2

atmosphere. Afterward, cells were rinsed twice with PBS, col-
lectedwith trypsin-EDTA solution, centrifuged at 800g for 7min,
and the supernatant was discarded. The pellets were sus-
pended with PBS, and 1 � 104 events were registered for each
sample by using the FACScalibur flow cytometer. ROS level was
expressed as the ratio mean intensity of sample/mean intensity
of control cells. The data were analyzed byWinMDI 2.8 software.

Statistical Analysis. The results are shown as mean ( stan-
dard deviation (SD) as derived by unpaired t test. The values are
considered significantly different when p < 0.05.
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