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Ceria Nanoparticles that can Protect against Ischemic Stroke**
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Hyunduk Jang, Hye-Sung Yang, Jun Yup Kim, Hong-Kyun Park, Seung Pyo Park,
Sangseung Park, Taekyung Yu, Byung-Woo Yoon, Seung-Hoon Lee,* and Taeghwan Hyeon*

Ischemic stroke is the leading cause of adult disability in the
United States and the second leading cause of death world-
wide.['l Reactive oxygen species (ROS), such as the super-
oxide anion (O,"), hydrogen peroxide (H,0,), and hydroxyl
radical (HO""), are generated and accumulate during ische-
mic periods. These species induce oxidative damage, which is
one of the most critical mechanisms responsible for causing
ischemic injury,”” and oxidative damage elicits stroke-related
cell death mechanisms, such as apoptosis.®! As a result,
neuronal networks and neurovascular units are completely
destroyed, and the brain function is stopped. However, no
effective neuroprotective therapy for ischemic stroke has
been developed for clinical practice. Despite the availability
of antioxidant drugs, no treatments have been proven to
protect against oxidative damage after acute ischemic stroke
in humans.

Ceria nanoparticles are known to exhibit free radical
scavenging activity by reversibly binding oxygen and shifting
between the Ce*" (reduced) and Ce** (oxidized) forms at the
particle surface.! From the crystal structure of ceria nano-
particles, cerium ions mostly exist in the valence state of Ce*"
however, reduction in particle size results in oxygen vacancies
from the particle surface, which allows the coexistence of
Ce** P! Moreover, the catalytic properties of ceria nano-
particles can be further enhanced by using ultrasmall nano-
particles of less than 4 nm.® The ability of ceria nanoparticles
to switch between oxidation states and scavenge free radicals
is comparable to biological antioxidants. In fact, it was
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recently reported that ceria nanoparticles exhibit superoxide
dismutase-mimetic activity”"®! and catalase-mimetic activ-
ity™'”! to protect cells against two dominant ROS, the
superoxide anion and hydrogen peroxide. Herein, we report
that ceria nanoparticles can protect against ischemic stroke in
an in vivo animal model.

Ceria nanoparticles were prepared using a modified
reverse micelle method,'!! which enabled the synthesis of
uniformly sized ceria nanoparticles under facile and mild
reaction conditions. Transmission electron microscope
(TEM) images revealed discrete and uniform 3 nm-sized
ceria nanoparticles (Figure 1a). High-resolution TEM images
revealed a cross-lattice pattern, demonstrating the highly
crystalline nature of these particles, despite the low reaction
temperature (Figure 1b). The selected area electron diffrac-
tion (SAED) pattern (Figure 1c) and X-ray diffraction
(XRD) pattern (Figure 1d) revealed a cubic fluorite structure
(JCPDS card no. 34-0394). The particle size, estimated using
the Scherrer formula, was 3.3 nm, which matched very well
with that measured using TEM. In contrast to the white color
of pure CeO,, the prepared nanoparticles exhibited a yellow-
ish color because they were composed of not only cerium(I'V)
oxide but also cerium(IIl) oxide."” X-ray photoelectron
spectroscopy (XPS) analysis was used to identify the valence
state of Ce*" (peaks at 885.0 and 903.5 eV) and Ce*" (peaks at
882.1, 888.1, 898.0, 900.9, 906.4, and 916.4 V), confirming the
mixed valence state (Figure 1¢).!

Good colloidal stability and narrow size distribution are
essential for the successful biomedical application of ceria
nanoparticles. Because of the strong hydrophobic nature of
the synthesized ceria nanoparticles, we used the PEGylation
method for stabilization, enabling the nanoparticles to
circulate longer in the blood stream by reducing nonspecific
binding and uptake by organs."*¥ Briefly, nanoparticles were
transferred to aqueous media by encapsulation with phos-
pholipid—polyethylene glycol (PEG; Figure 1g)."”! The nano-
particles showed excellent colloidal stability without agglom-
erations in phosphate-buffered saline (PBS) as well as in
blood plasma, and their hydrodynamic diameters were
maintained at 18-30 nm for over 10 days (Figure 1f). The
ROS-scavenging activity of the ceria nanoparticles, assessed
by the superoxide dismutase-mimetic assay and catalase-
mimetic assay, was found to be dose-dependent (Supporting
Information, Figure S2). Furthermore, we examined the
autocatalytic properties of ceria nanoparticles using visual
inspection of color change and UV/Vis spectroscopic analy-
sis.'®!71 When H,0, solutions of various concentrations were
added to PBS solutions containing 5 mM ceria nanoparticles,
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Figure 1. Characterization of ceria nanoparticles. a) TEM images reveal
discrete and uniform 3 nm-sized ceria nanoparticles. Scale

bar=100 nm. b) High-resolution TEM images reveal a cross-lattice
pattern, demonstrating the highly crystalline nature of the ceria nano-
particles. Scale bar=>5 nm. ¢, d) The SAED pattern and XRD pattern

reveal a cubic fluorite structure. Scale bar=5 nm™". e) XPS analysis to

identify the valence state of cerium ions and confirm corresponding
binding energy (BE) peaks for Ce** (885.0 and 903.5 eV) and Ce*"
(882.1, 888.1, 898.0, 900.9, 906.4, and 916.4 eV). f) Hydrodynamic
diameters d,, from dynamic light scattering of phospholipid-PEG-
capped ceria nanoparticles (4.5 mm) in PBS (e, red) and blood
plasma (m, blue), showing that they do not agglomerate and are very
well dispersed for more than ten days in the physiological medium.

g) The ceria nanoparticle geometry after hydrophilic encapsulation with
phospholipid-PEG (core diameter d.=3-4 nm; hydrodynamic diameter
d,=17-18 nm).

reversible autocatalytic activity persisted even after 3 weeks
(Supporting Information, Figure S3).

To investigate the effects of ceria nanoparticles on ROS-
induced cell death in vitro, CHO-K1 cells were incubated with
tert-butyl hydroperoxide (tBHP), which increases intracellu-
lar ROS.™ Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay, we found that 1 mm tBHP
significantly increased cell death compared with the control
(83%, p <0.05; Supporting Information, Figure S4), while
the addition of 0.125 mMm ceria nanoparticles significantly
increased cell viability (113 %, p < 0.05). We also found that
ceria nanoparticles were mostly detected in intracellular
spaces, as shown by fluorescence imaging with rhodamine dye
(Supporting Information, Figure S5). To investigate the con-
centration- and time-dependent cellular uptake, we per-
formed fluorescence-activated cell sorting study using fluo-
rescent dye-conjugated 3 nm-sized ceria nanoparticles (Sup-
porting Information, Figure S6). The cellular uptake
increased in a dose-dependent manner, and was saturated

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

above 0.125 mMm. The cellular uptake increased in a time-
dependent manner. Taken together, our results demonstrate
that ceria nanoparticles introduced into cells show protective
effects against ROS-induced cell death in vitro, and this
correlates with the results of a previous report.'”)

To investigate the neuroprotective effects of ceria nano-
particles invivo, we induced ischemic stroke in rats and
subsequently introduced ceria nanoparticles by intravenous
injection. We then compared brain infarct volumes in rats
treated with various doses of ceria nanoparticles to determine
an optimal dose (Figure 2a,b). Low-dose ceria nanoparticles
(0.1 and 0.3mgkg™') did not decrease infarct volumes,
whereas ceria nanoparticles at concentrations of 0.5 and
0.7 mgkg ! considerably reduced infarct volumes up to 50 %
of those of the control group (p <0.05). However, higher
doses of ceria nanoparticles (1.0 and 1.5 mgkg™"') failed to
show a protective effect against stroke. To support these
findings, we performed microscopic analysis of cell death in
frozen brain sections using terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL)
assays (Figure 2c¢). Quantitative analysis showed that the
number of TUNEL-positive cells was markedly decreased in
the ceria-injected group (0.5 mgkg™'; p <0.05; Figure 2d).
Collectively, we concluded that the optimal dose of ceria
nanoparticles (0.5 to 0.7 mgkg™") had powerful neuroprotec-
tive effects in this rodent stroke model, and all subsequent
experiments were performed using 0.5 mgkg™' ceria nano-
particles. On the basis of the observed therapeutic window for
ceria nanoparticles in vivo, we found that the indiscriminate
use of nanoparticles without considering the optimal dose
may not be protective and may even be harmful.?>?!! Recent
studies using a hippocampal brain slice model® and spinal
cord injury model® have shown that ceria nanoparticles may
be protective against ischemic or traumatic neuronal damage
in vitro. Thus, in the current study, we demonstrated this
protective effect, using the optimal dose, in a living animal
model of ischemic stroke to mimic human clinical settings.

As the brain is secured by the blood-brain barrier and
ceria nanoparticles were injected intravenously in this study,
we also analyzed the delivery of ceria nanoparticles through
an in vivo study to determine whether intravenous injection
could effectively localize ceria nanoparticles to the ischemic
brain. For this experiment, concentrations of ceria nano-
particles were measured in various internal organs of rats
using inductively coupled plasma—mass spectrometry analysis.
Interestingly, while the concentration of ceria nanoparticles in
the nonischemic brain was very low, the level of ceria
nanoparticles increased strikingly 24 h after ischemia (p <
0.05; Figure 3a), exceeding the concentrations of nanoparti-
cles observed in the kidneys and heart. The concentration of
ceria nanoparticles in brain after stroke was increased in
a dose-dependent manner with 0.5, 1.0, and 1.5 mgkg . Next,
we sought to track ceria nanoparticles microscopically using
rhodamine B isothiocyanate-conjugated ceria nanoparticles
and fluorescence microscopy analysis. As shown in Figure 3 b,
a significant number of positively stained cells were identified
in the ischemic hemisphere, but very few cells were located in
the nonischemic hemisphere. We conducted computerized
visual augmentation using three-dimensional reconstruction
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Figure 2. Infarct volume and ischemic cell death in vivo. a) Low-dose
ceria nanoparticles (0.1 and 0.3 mgkg™') do not decrease infarct
volumes, whereas 0.5 and 0.7 mgkg™' ceria nanoparticles considerably
reduce infarct volumes, to as little as 50% of those of the control
group (¥, p<0.05). Higher doses of ceria nanoparticles (1.0 and
1.5 mgkg™") do not exhibit protective effects against stroke (n=12 for
each group, except 0.1 and 1.5 mgkg™', where n=6). b) Brain slices
from anterior (top) to posterior (bottom), with intervals of 2 mm. On
Nissl-stained brains, infarcts are shown as pale blue-colored lesions,
while undamaged region are stained as deep blue. Infarct areas were
maximally decreased at 0.5 and 0.7 mgkg™ ceria nanoparticles.
c) Representative slices, clearly showing that 0.5 and 0.7 mgkg™' ceria
nanoparticles can significantly reduce infarct volumes. d) Microscopic
analysis of cell death in brain slices using TUNEL. TUNEL-positive
cells are shown in brown, and TUNEL-negative cells, which were
counter-stained with methyl green, are shown in blue. The number of
TUNEL-positive cells was reduced in the ceria-injected group
(0.5 mgkg™). Scale bar=100 pum. e) In our quantitative analysis, the
number of TUNEL-positive cells decrease markedly in the ceria-
injected group (*, p<0.05; n=4 each).

of the fluorescence signals, and found that the signals for ceria
nanoparticles were significantly increased in the peri-infarct
area in the ischemic hemisphere (Figure 3c). Thus, we
demonstrated that intravenously injected ceria nanoparticles
did not sufficiently permeate the normal brain tissue®! but
were able to permeate ischemic brain tissue; This was likely
possible because brain ischemia leads to extensive breakage
of the blood-brain barrier, which may facilitate passage of
ceria nanoparticles into the brain.”®! Furthermore, the
accumulation of ceria nanoparticles increased owing to their
uniformity, small size, and prolonged blood circulation owing
to PEGylation.
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Figure 3. Biodistribution of ceria nanoparticles. a) The concentration
of ceria nanoparticles in the nonischemic brain is very low, but
significantly increases at 24 h after ischemia (*, p <0.05); values were
even higher than those observed in the kidneys and heart (n=28 for
brain with stroke, otherwise n=4 each). b) Cells that were positively
stained with rhodamine B isothiocyanate-conjugated ceria nanoparti-
cles were identified to a great extent in the ischemic hemisphere (left),
but only minimally in the nonischemic hemisphere (right). Scale
bar=100 pm. c) By using computerized visual augmentation with 3-
dimensional reconstruction of fluorescence signals, signals for ceria
nanoparticles greatly increase in the peri-infarct area in the ischemic
hemisphere.

We investigated whether ceria nanoparticles reduce ROS
and apoptosis in vivo because oxidative damage is a major
cause of ischemic brain injury and elicits apoptotic cell
death.3! After a stroke, oxidized hydroethidine signals (as
a measure of ROS) were lower in the ceria-injected group
than in the control group (p <0.05; Figure 4a,b), indicating
that ceria nanoparticles acted as antioxidants after ischemia.
To analyze ROS quantitatively, we performed the assay for
lipid peroxides. The average concentration of lipid peroxides
in stroke area was measured to be 24.6+7.9 um. After
treating with 0.5 mgkg™' of ceria nanoparticles, the concen-
tration was significantly decreased to 15.5+4.9 pm (p < 0.05;
Figure 4¢). To investigate the effects of ceria nanoparticles on
apoptosis after stroke, we analyzed apoptotic TUNEL-
positive cells (a subgroup of TUNEL-positive cells according
to morphological criteria; Supporting Information, Fig-
ure S13). The number of apoptotic cells in the ceria nano-
particle-injected group was lower than that in the control
group (p < 0.05; Figure 4d), and pro-apoptotic proteins, such
as phospho-p53, cleaved caspase-3, and gelsolin, decreased in
the ceria nanoparticle-injected group (p < 0.05; Figure 4e,f).
ROS production and apoptosis are closely related because
they both occur in the mitochondria. Furthermore, ROS
directly stimulates apoptosis-regulated proteins, such as
p53.2%21 Recently, amine-modified single-walled carbon
nanotubes were investigated as potential therapeutic agents
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Figure 4. Scavenging of reactive oxygen species (ROS) and apoptosis-
reducing effects. a) Oxidized hydroethidine signals (as a detector of
ROS) decrease in the ceria nanoparticle-injected group (right) com-
pared with the control group (left). b) Density of oxidized hydro-
ethidine for the control (dark gray) and 0.5 mgkg™' ceria (light gray).
(*, p<0.05; n=4 each). Scale bar=200 um. c) Lipid peroxides in the
stroke area decrease in the ceria-injected group compared with the
control (*, p<0.05; n=38 each). d) Apoptotic terminal deoxynucleo-
tidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)-
positive cells (a subgroup of TUNEL-positive cells according to the
morphologic criteria; see the Supporting Information) were analyzed.
The number of apoptotic cells in the ceria-nanoparticle-injected group
is lower than that in the control group (*, p <0.05; n=4 each).

e),f) In western blotting analyses, pro-apoptotic proteins, such as
phospho-p53, cleave caspase-3, and gelsolin decreases in the ceria
nanoparticle-injected group compared with the control group (¥,
p<0.05; n=4 each). These proteins were obtained from cell extracts
in the infarcted hemisphere.

for ischemic stroke through reducing apoptosis.” In a pre-
vious in vitro study, ceria nanoparticles decreased apoptosis
as well as ROS.?! Thus, the results of our current in vivo
model support these previous studies, demonstrating that
ceria nanoparticles can reduce apoptotic cell death by
decreasing ROS, which may lead to a decreased infarct
volume.

In conclusion, optimal doses of ceria nanoparticles (0.5
and 0.7 mgkg ") reduced ischemic brain damage. Our ceria
nanoparticles targeted the damaged area by disruption of the
blood-brain barrier after ischemia. Innovative nanotechnol-
ogy such as the ceria nanoparticles studies presented here
makes it possible to produce more chemically potent and
biologically compatible materials. Previous studies evaluated
the in vivo protective effects of ceria nanoparticles in only
a few diseases, including retinal degeneration and cardiomy-
opathy.”*3!! This report is the first demonstration of the
protective effects of ceria nanoparticles against ischemic

www.angewandte.org
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stroke in living animals, offering hope and an alternative
treatment modality for patients with ischemic stroke.
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