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This work examines the effect of nanocrystal diameter and surface coating on the reactivity of cerium oxide nanocrystals with H,0, both in chemical solutions and in
cells. Monodisperse nanocrystals were formed in organic solvents from the decomposition of cerium precursors, and subsequently phase transferred into water
using amphiphiles as nanoparticle coatings. Quantitative analysis of the antioxidant capacity of Ce0,_, using gas chromatography and a luminol test revealed that
2 mol of H,0; reacted with every mole of cerium(lll), suggesting that the reaction proceeds via a Fenton-type mechanism. Smaller diameter nanocrystals containing
more cerium(lll) were found to be more reactive toward H,0,. Additionally, the presence of a surface coating did not preclude the reaction between the nanocrystal
surface cerium(lll) and hydrogen peroxide. Taken together, the most reactive nanoparticles were the smallest (e.g., 3.8 nm diameter) with the thinnest surface
coating (e.g., oleic acid). Moreover, a benchmark test of their antioxidant capacity revealed these materials were 9 times more reactive than commercial
antioxidants such as Trolox. A unique feature of these antioxidant nanocrystals is that they can be applied multiple times: over weeks, cerium(IV) rich particles
slowly return to their starting cerium(lll) content. In nearly all cases, the particles remain colloidally stable (e.g., nonaggregated) and could be applied multiple
times as antioxidants. These chemical properties were also observed in cell culture, where the materials were able to reduce oxidative stress in human dermal
fibroblasts exposed to H,0, with efficiency comparable to their solution phase reactivity. These data suggest that organic coatings on cerium oxide nanocrystals do
not limit the antioxidant behavior of the nanocrystals, and that their redox cycling behavior can be preserved even when stabilized.
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under ambient conditions. This “oxygen buffering”
behavior makes ceria ideal for applications such as
water-gas shift catalysis, combustion catalysis, oxygen
ion conductors, and solid oxide fuel cells.”*~%' More
recently, the ability of cerium oxide nanocrystals to
react with hydrogen peroxide in water has been
demonstrated as a strategy for reducing unwanted
reactive oxygen species (ROS) in biological systems.?

The precise mechanism governing cerium's reactiv-
ity toward hydrogen peroxide has been the subject of
speculation. It was initially proposed that cerium(lll)
could react with H,0, at the particle surface through
direct reduction and oxidation.2>** More recently,
Heckert et al. hypothesized that the reaction proceeds
through an analog of the Fenton/Harbor-Weiss reac-
tion®> and H,0, disproportionates into H,O and O, at
the cerium oxide surface.?>?>~%’ Xue et al. showed that
the hydroxyl radical (-OH) is produced during the
reactions, an observation consistent with a Fenton
reaction generated by H,0,.2% Further confirmation
of the chemical process behind nanocrystalline ceria's
antioxidant properties has been limited as the reaction
is typically characterized only through ultraviolet—vi-
sible absorption spectroscopy. In this approach, the
reaction is tracked by monitoring the increase in Ce(IV),
which presents a distinctive yellow color. Such data
offer no quantitative information about the corre-
sponding pace of hydrogen peroxide degradation.?*

Over the past few years there has been increasing
interest in the therapeutic capacity of nanoscale cer-
ium oxide for diseases such as cancer, Alzheimer's,
cardiac arrest, radiation induced cell death, and
aging.’*3° Das et al. reported that nanoceria pro-
tected adult rat spinal cord neurons against oxidative
stress.?® Perez et al. showed that the antioxidant
properties of nanocrystalline ceria could improve can-
cer therapeutics: the pH-dependent antioxidant prop-
erties of nanocrystalline cerium oxide effectively pro-
vide normal cells, but not cancer cells, cytoprotection
from oxygen radicals.2* More recently, Kim et al. showed
that cerium oxide nanocrystals reduced ischemic brain
damage induced by reactive oxygen species in animals
(Sprague—Dawley rats).>® In summary, understanding
the molecular mechanism that mediates the ability of
nanocrystalline ceria to recycle back to their reactive
state is crucial for designing the most effective nano-
crystalline ceria for biomedical applications.?*2°

It is unclear how the antioxidant capacity of nano-
ceria quantitatively compares to radioprotectants and
antioxidants currently approved for clinical use 262%3>3730
The standard method to quantify antioxidant proper-
ties, the oxygen-radical absorbance capacity (ORAC)
assay, is based on measuring a fluorescent indicator
(B-phycoerythrin) in the presence of a radical initiator
(2,2'-azobis(2-amidinopropane)dihydrochloride (AAPH))
and the target compound.®’ Target compounds with
high antioxidant capacity react with ROS generated by
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the initiator, thereby preserving the intensity of the
fluorescent indicator. Such assays are suitable for the
analysis of nanoscale materials. Lucente-Schultz et al.
showed that the antioxidant property of pegylated
single-walled carbon nanotubes was about 5 times
higher than that of a known standard, Trolox.>?
Additionally, in vitro assays are available to quantita-
tively measure the antioxidant properties of nano-
materials.?* For instance, silver nanoparticles were
shown to scavenge the ROS in cell culture and inhibit
the reaction between fluorescein dyes and ROS.>>>*
While the in vitro and in vivo antioxidative properties
of nanoscale ceria are promising, the design rules for
developing materials with optimal antioxidative prop-
erties are not yet defined. One limitation has been the
challenge of obtaining quantitative measurements of
antioxidant properties.*® Moreover, the role of the
particle coating in mediating the reaction between
ROS and the nanocrystal surface seems important, but
not fully characterized. On one hand, the coating on a
nanocrystal must be thin enough to allow for facile
surface reactions, yet highly stable so as to resist
degradation caused by the reaction with ROS. This
latter point is particularly important as surface coating
degradation can yield particle aggregation, which
would compromise a number of biological applications.
In this research, we synthesized libraries of mono-
disperse cerium oxide nanocrystals using the high
temperature decomposition of cerium precursors; the
resulting uniform particles were phase transferred to
water with high efficiency (>80%) using poly(acrylic
acid)—octylamine (PAAOA), oleic acid, polyethylene
imine (PEl), and polymaleicanhydride-alt-1-octade-
cene (PMAO). After exposure to hydrogen peroxide,
smaller particles outperformed larger particles in terms
of net amount of reactivity by virtue of their higher
cerium(lll) concentrations. The mechanism of the reac-
tion was investigated using both GC-MS to monitor
byproducts and a Luminol test to quantify peroxide
concentration. Results of these analyses indicated 2
mol of peroxide react with 1 mol of cerium(lll), a finding
that is consistent with a Fenton-like reaction. The
antioxidant capacity of the best oleic acid/CeO, mate-
rials as measured using the ORAC assay was 9-fold
higher than that of the standardly used antioxidant,
Trolox. These effects were also seen in cell culture,
where cerium oxide nanocrystals were able to protect
fibroblasts against oxidative stress induced by expo-
sure to hydrogen peroxide. Finally, over repeated cycles,
the oleic acid coated CeO, was found to be the most
effective material; for 18 cycles, one mole of cerium(lll)
could react with more than twenty moles of H,0,.

RESULTS AND DISCUSSION

Physico-Chemical Properties and Mechanism of Ceria Reactions
with Hydrogen Peroxides. Near-spherical ceria nanocrystals
with diameters ranging from 4 to 8 nm were prepared
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Figure 1. TEM micrographs (A—C) of water-soluble nanoceria. All scale bars are 20 nm from (A) to (C). (A) Oleic acid coated
CeO, nanoparticles (3.8 + 0.4 nm); (B) PEl coated CeO, nanoparticles (5.4 + 1.0 nm); (C) PAAOA coated CeO, nanopatrticles (8.2

=+ 1.7 nm). The size distribution histograms (D—F) are placed at the bottom of the corresponding images. To analyze the size,

over 1000 particles were measured in multiple images using the software package ImagePro.

by thermally decomposing cerium precursors in the
presence of alkyl amines and water in 1-octadecene.>
Figure 1 shows three different diameters of water-
soluble nanocrystalline ceria produced from this reac-
tion. The decomposition of cerium nitrate and oleyla-
mine at 260 °C yielded the smallest nanocrystalline
ceria. The addition of water promotes nanocrystal
growth yielding nanocrystals up to 8 nm in diameter
(8.2 & 1.7 nm). Cerium oxide nanocrystals were phase
transferred into aqueous solutions using amphiphilic
surface agents such as fatty acids, copolymers, and
polyethyleneimine.>> 8 The average diameters and
morphology of the phase-transferred nanocrystals
were identical to those observed for the as-prepared
nanocrystals in organic solvents. Phase transfer yields
exceeded 80% under the appropriate conditions
(Figure S1).

The hydrodynamic diameters of the nanocrystalline
ceria in water reflected the contributions from the
inorganic core as well as the surface coating. The
hydrodynamic diameters (Dy) of the four polymer
coated cerium oxide nanocrystals are shown in Figure
2; these DLS measurements reveal that oleic acid and
poly(acrylic acid)-octylamine (PAAOA) applied to nano-
crystal cores of 3.8 nm diameter produced materials
with hydrodynamic diameters (Dy) of 8.8 + 1.8 and
6.8 £ 0.9 nm, respectively. PEl and PMAO are larger
molecular weight polymers and these coatings yielded
particles with Dy of 20.6 + 2.2, and 17.9 + 0.5 nm,
respectively. The inset images (2 left-most panels) in
Figure 2 illustrate the compact structures of the two
thinnest coatings. The polymer coatings increased the
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hydrodynamic diameter irrespective of the core size of
the nanocrystalline ceria. The zeta potential of oleic
acid, PAAOA, and PMAO coated ceria nanocrystals were
—52.1 + 4.1, —414 + 49, and —342 + 1.8 mV, in
contrast to amine functionalized polymer (PEI) coated
ceria which was positively charged (43.5 & 1.5 mV).

Most studies of the antioxidant properties of nano-
scale ceria have used colorimetric methods to examine
the progress of a particle's reaction with H,O,; colorless
pale yellow cerium(lll) gradually changes to the orange
cerium(lV). Figure 3 shows how the absorption spec-
trum of a nanoceria suspension changes after H,0,
injection; the red-shift reflects the change of cerium(lll)
to cerium(IV).>®> The chemical reaction proposed to
account for this color change is seen in Scheme 1.3%°

We verified that the shift in the absorption spec-
trum was consistent with changes in the cerium oxida-
tion state using X-ray photoelectron spectroscopy
(XPS). For example, after adding an excess of H,0, to
3.8 nm cerium oxide, the cerium(lll) concentration was
reduced to 20% from nearly 50% prior to treatment
(Figure S2). This finding illustrates that the active site
on the surface of CeO, reacting with H,0, is cerium(lll)
and that the capacity of a ceria nanocrystal to react
with H,0, will be sensitive function of the starting
cerium(lll) concentration.?’!

The underlying mechanism for the reaction be-
tween nanocrystalline ceria and hydrogen peroxide
has been poorly defined for some time. While some
investigators have proposed a direct reduction and
oxidation process, others suggest the reaction has
more in common with a Fenton-type process of the
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Figure 2. Hydrodynamic size of nanoceria. The cartoon
images show oleic acid, PAAOA, PMAO, and PEIl coated
nanoceria. Carboxyl group, amide bond, and amine group,
are represented using blue, yellow, and purple dots, respec-
tively. The average diameters of nanoceria covered with
oleic acid, PAAOA, PMAO, and PEl were analyzed by dy-
namic light scattering (DLS). All samples were measured in
triplicates.
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Figure 3. H,0, quenching of water-soluble nanocrystalline
cerium oxides. (A) The inset UV—vis band and the photo
image demonstrate the red-shift from the control (black) to
the as-reacted solution (blue) by the H,0, injection. The
3.8 nm oleic acid coated nanoceria was used and the
magnitude of the red-shifted wavelength of the UV—vis
band (A1) was measured between the control and the red-
shifted band at optical density of 0.3. (B) The increasing
extent of the red-shift of nanoceria suspension (2.78 uM)
depending on the higher concentrations of H,O, from 102
to 10 umol.

type illustrated in reaction mechanism above. Karakoti
et al. hypothesized that the redox cycling of cerium
ions occurs through Fenton type reaction producing
hydroxyl anions and cerium peroxo complex. The
formation of cerium—hydroxo or peroxo complexes
may decrease the regeneration rate of Ce** when pH is

LEE ET AL.

Fenton/Harbor-
Weiss cycle

2H'+ 2¢e"0, | |

20K + i

2ce"0,, + 2H,0,

Scheme 1. Redox cycling of cerium oxide through Fenton-
type reaction. Ce (lll) reduces hydrogen peroxide and forms
hydroxyl radicals and anions. These intermediate reactive
oxygen species keep reacting with H,0, and finally oxidized
Ce (IV) is reduced to Ce (lll) evolving oxygen (Fenton/
Harbor-Weiss reaction; Ce(lll):H,0,:0, is 1:2:1.) However, if
the reduction of Cerium ion does not occur and hydroxyl
radical reacts with super oxide anion, Ce (IV) is not reduced
and the reaction ratio of cerium(lll):H,0,:0, is 2:3:1.

more than 4,2272°2839606263 Thase two mechanisms
can be distinguished by the very different reactant
molar ratios expected: a 2:1 reactivity between H,0,
and cerium(lll) is anticipated for a Fenton-type process
as opposed to a 1:1 or 1:2 relationships for direct redox
reactions. Also relevant is the fact that Fenton reactions
usually proceed through hydroxyl radical intermedi-
ates, and thus are more pronounced at lower pH values
(Figure $3).22%°

To experimentally determine which mechanism
may dominate for these particles, we measured the
molar relationship between H,0, and cerium(lll) in this
reaction. GC-MS was used to quantify the O, evolved
by the disproportionation of H,0, as a function of time
after the injection of peroxide in a nanoceria solution.®*
In addition, the remaining (unreacted) H,O, concen-
trations in nanoceria suspensions were measured by
the luminol test.5>®% To find the cerium(lll) concentra-
tion, we used the nanocrystal total cerium concen-
tration as determined from ICP-AES and the ratio
between cerium(lll) and cerium(lV) calculated from
XPS (Figure S4).

These data, along with the pH dependence of the
process, suggests that the antioxidant properties of
nanocrystal ceria proceed through a Fenton type
process. The amount of evolved oxygen after the
decomposition of H,0, by redox cycling of nanoceria
was found by measuring the relative abundance ratio
of oxygen to nitrogen in a sealed vial (see Methods
and Figure S5).%” The increasing O, evolution was
monitored as a function of time. When the cerium(lll)
concentration was about 1 umol (0.992 umol), 1 and
2 umol of H,0, were fully decomposed by evolving
about 0.5 and 1 umol of O,, respectively, whereas 5 and
10 umol H,0, addition left increasingly higher amount
of unreacted H,0, (Figure 4). The same molar ratio was
also found independently be measuring the amount of

VOL.7 = NO.11 = 9693-9703 = 2013 ACS

WL

N

Na

WWwWW.acsnano.org

9696



1.5 H,0, Umec\ed)/OQ (evolved)

=10/1.44 (umol/ymol)

H O,

202 (ln;ecled]/ 2 (evioved)
1.04 =5/1.02 (umol/umol)
. H.O, /

272 (injected) o, (evolved)

=2/0.87 (umol/umol)

H202 (m|ecled)/02 (evolved)

0.5 =1/0.48 (umol/umol)

Evolved O, (umol)

* Ce(lll) = 0.992 ymol

0.0 T T T T
0 120 240 360 480

Time (min.)

Figure 4. Quantitative analysis of H,0, quenching of cer-
ium oxide nanocrystals. The evolved oxygen concentration
increased when H,0, was decomposed in 2.78 «M nanocer-
ia suspension (pH = 7, cerium(lll) = 0.992 umol). The con-
centration of evolved oxygen was monitored and measured
by GC-MS as a function of time. The ratio of H,0, to
cerium(lll) was 2 to 1 (H,0, decomposition reaction;
2H,0, — 2H,0 + O,). The measurements were repeated
three times.

unreacted peroxide using a Luminol test (see Supple-
mental discussions and Figures S4 and S6). Figure 5
shows that the experimental curve obtained from the
amount of unreacted peroxide fit well to the expecta-
tion of a Fenton-like reaction (the ratio between cerium
ion and H,0, is 1 to 2).2° Moreover, we can correlate
the shift in the absorption spectrum to the generation
of oxygen through this process. As Ce(lll) is converted
to Ce(lV), the color of the solution changes roughly
linearly with the amount of Ce(lll) converted; Figure S7
shows that as more of this is converted, you get more
oxygen with a 0.0298 slope (evolved O, per UV—vis
band shift, umol/nm). Finally, consistent with this data is
the observation that the reaction is pH dependent. Speci-
fically at lower pH values it is more reactive (Figure S3).
Benchmarking Antioxidant Capacity and Trends with Size and
Surface Coating. A critical question to address is what the
capacity is for different particles, with different sizes
and coatings, to react with hydrogen peroxide through
the Fenton-type chemistry described above. For the
purposes of this discussion, we refer to this parameter
as the antioxidant capacity so as to align our discussion
with the literature on antioxidants.>>>'®> One conve-
nient way to characterize the antioxidant capacity and
compare it across samples is to use colorimetric data to
indicate the amount of Ce(lV) produced. Here we
defined the shift (A1) by measuring the wavelength
of 0.3 optical density before and after peroxide addi-
tion. For example, 100 nmol of H,0, led to onlya 10 nm
red shift, while 10 umol of H,0, led to a shift of 50 nm
absorbance wavelength. This data shows that adding
more peroxide increases the shift of the spectrum as
more Ce(IV) is produced. However, for all samples there
is a saturation point at which further addition of
peroxide leads to no change. For example, for the
former samples the absorption shift remained the
same between 10 and 15 umol of H,0, addition. For
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Figure 5. Quantitative analysis of H,0, quenching of cer-
ium oxide nanocrystals. The remaining (unreacted) H,0; in
a supernatant of nanoceria solution was measured by
chemiluminescence from the reaction with luminol and
peroxide after the separation of nanoceria using the ultra-
centrifugation method. The 3.8 nm oleic acid coated cerium
oxide was utilized with the increase in the injections of
H,0,. On the basis of the calibration curve (Figure S7), the
remaining molar H,0, was obtained from the equation: y =
9.0 x 10° (y = the intensity of luminescence, x = mole of
H,0,). The theoretical data of the remaining H,0, was
obtained by the equation: [H;0:];emained = [H202linjected —
2 x 3.93 (nmol of cerium(lll)) in the solution; 1 mol cerium-
(1) decomposes 2 mol H,0, in the Fenton-like reaction.

these measurements, all nanoparticle solutions were
fixed at 2.78 uM of ceria concentration (cerium(lll)
concentrations on the surfaces of the nanoparticles
are 1 umol; see Supplemental discussion). Note that
the molecular weight of the nanoparticles varies sensi-
tively with their diameter, but for a 3.8 nm nanocrystal,
the equivalent particle concentration is roughly 10 pM.

These colorimetric tests reveal that the smallest
nanoceria has the largest absorption change after the
addition of H,0, and hence greatest antioxidant capa-
city (Figure 6). We attribute this to both the higher
concentration of cerium(lll) in these nanocrystals and
the increased stability of the cerium(IV). The smallest
particle has the greatest concentration of cerium(lll) on
the surface of nanoceria because of the increasing
lattice expansion and the release of oxygen atoms.” %8
For example, we found that the cerium(lll) concentra-
tions from different diameter ceria samples were 44, 39
and 30% from 3.8, 5.4, and 8.2 nm cerium oxide,
respectively.>® All of the various surface coatings
showed similar trends: smaller nanocrystals had higher
antioxidant capacities. For example, PAAOA coated
3.8 nm CeO, after treatment with excess H,O, had
AA of 215 as compared to 8.2 nm diameter nanoceria
having only A4 of 37 nm.

In addition to the diameter of the nanocrystalline
ceria, the surface coating also played a significant role
in defining the reactivity of the material. Specifically,
when nanocrystals were coated with thicker polymers
their antioxidant capacity diminished. Figure 6 shows
the shift in the extent of H,0, quenching capacity for
four different polymer coating materials (oleic acid,
PAAOA, PEl, and PMAOQ) for 3.8 nm diameter ceria
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Figure 6. The different extents of H,0, quenching capacity
depending on various diameters and surface stabilizers on
nanoceria. To compare the surface polymer dependent
H,0, quenching efficiency of nanoceria, the extent of the
band shift (A1) was measured at 0.30 absorbance after the
injection of H,0, from the control. For the diameter depen-
dent H,0, quenching, three different diameter CeO, sus-
pensions were utilized (d = 3.8, 5.4, 8.2 nm; PAAOA coated
CeO,). Surface coating dependent H,0, quenching was
shown by 3.8 nm CeO, covered with four different polymers
(PAAOA, oleic acid, PEl, and PMAO).

cores. PAAOA coated nanoceria, as expected, had the
largest red-shift corresponding to the most reactivity
toward hydrogen peroxide. The reactivity of other
polymer coatings scaled well with their thickness as
measured using dynamic light scattering (Figure 2). We
speculate that the very thinnest surface coatings pre-
sent small kinetic barriers to the interfacial reaction
between H,0, and cerium(lll), while thicker polymer
molecules block surfaces from H,0,. While we gener-
ally gave the system enough time to react so our
observations would reflect equilibrium, we did observe
that the thinnest surface coating (e.g., oleic acid on
Ce0,) became saturated within only 30 min as com-
pared to the thicker polymer coated ceria (e.g., PMAO
coated CeO,) which required 90 min (Figure S8).

Absorption spectroscopy is an excellent method to
compare relative quenching capacities among parti-
cles, but these data do not provide a benchmark
against known antioxidant and radiation protection
molecules already widely used. For this purpose, we
applied a standard test, the ORAC assay, to the best
performing nanocrystalline ceria from the peroxide
tests: nanocrystalline ceria with 3.8 nm core diameter
coated with oleic acid. This test monitors how the
fluorescence from a Fluorescein salt persists in the
presence of an antioxidant which scavenges ROS
generated by the radical initiator, AAPH. A fluores-
cence intensity that persists for a long time indicates
a strong antioxidant.

This ORAC assay revealed that the antioxidant
capacity of oleic acid coated cerium oxide was 9 times
higher than that of a water-soluble derivative of Vita-
min E, Trolox (Figure 7). In this assay, all antioxidant
samples (nanoceria and Trolox) were stored in PBS (pH
=7) from 0.1 to 1 uM and the fluorescence intensity
was monitored every minute for 6 h after the injection
of 45 mM of AAPH as shown in Figure S9. The thinnest
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Figure 7. Antioxidant capacity of cerium oxide nanocryst-
als. The capacity was calculated from the equation men-
tioned from Lucio et al.®® The slopes of the trend lines from
oleic acid coated (red), PMAO coated (blue), nanoceria and
Trolox (black) are 616.02, 95.76, and 73.24, respectively. All
measurements were repeated three times.

surface coating (oleic acid) present on cerium oxide
nanocrystal allows more radical scavenging than the
thickest polymer (PMAO) on the nanocrystal; to put
things in perspective, PMAO coated cerium oxide
nanocrystal has an antioxidant capacity comparable
to Trolox. Furthermore, cerium oxide nanocrystal showed
efficacy at submicromolar concentrations in cerium
oxide, and even nanomolar concentrations with regards
to the entire particles. In comparison, standard concen-
trations of 1T—10 uM vitamin E or single-walled carbon
nanotubes are typically applied.>>*%° We also note that
oleic acid coated ceria is nontoxic at these concentrations
in an MTS assay using HDF cell line; LDsq is 1.8 uM as
shown in Figure S10. These data suggest that the oleic acid
coated nanoceria could be a potent antioxidant material
with high radical scavenger capacity and low toxicity.

To understand how the observed antioxidant prop-
erties of cerium oxide nanocrystal affect biological
system, we investigated the ability of nanocrystalline
ceria to protect cells from oxidative stress induced by
hydrogen peroxide exposure. We measured the gen-
eration of intracellular reactive oxygen species (ROS) in
fibroblasts pretreated with cerium oxide nanocrystals
and exposed to hydrogen peroxide. To explore the
antioxidant capacity of cerium oxide nanocrystals to-
ward H,0,-induced oxidative stress in fibroblasts, cells
were cultured in the presence of cerium oxide nano-
crystals at 37 °C for 1 day. Relatively low nanocrystal
exposures (50 ppm of cerium) were employed, which
resulted in over 90% viability as observed using the
MTS assay during the first exposure (the LDsg value for
3.8 nm was 94.9 ppm (1789.9 nM of nanocrystals); and
for 8.2 nm cerium oxide nanocrystals, 87.7 ppm (87.2
nM of nanocrystals)). Concentrations higher than the
LDsq resulted in cell death. The cells were then washed,
and the medium was replaced with fresh medium
containing a large dose of H,0, (2 mM). In this experi-
mental scheme, only ceria nanocrystals that were
internalized could be responsible for any observed
protective effect.
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Figure 8. Cerium oxide prevents hydrogen peroxide-in-
duced generation of intracellular ROS. ROS generation in
fibroblasts untreated (blue), treated with 3.8 nm cerium
oxide (red), or treated with 8.2 nm cerium oxide (green) for
24 h and subsequently exposed to hydrogen peroxide was
quantified by measuring R6G fluorescence (%) as described
in the Methods section.

To investigate whether cerium oxide nanocrystals
protects cells from oxidative stress we quantified the
generation of ROS in fibroblasts exposed to hydrogen
peroxide upon treatment with cerium oxide nanocryst-
als. Oxidative stress was evaluated using dihydrorho-
damine 6G, a cell permeable molecule that is oxidized
to fluorescent rhodamine 6G (R6G) upon induction of
oxidative stress.”® Therefore, the fluorescence intensity
of R6G is an indication of oxidative stress in cells. Cells
pretreated with cerium oxide nanocrystals were ex-
posed to a range of hydrogen peroxide concentrations,
under conditions previously reported to cause oxida-
tive stress.”® As expected, R6G fluorescence was found
to increase as a function of hydrogen peroxide con-
centration reaching 74% increase in cells exposed to
2 mM hydrogen peroxide compared to untreated cells
(Figure 8). However, pretreatment with cerium oxide
dramatically reduced generation of ROS, resulting in 75
and 30% decrease in R6G fluorescence in cells pre-
treated with 3.8 and 8.2 nm cerium oxides, respec-
tively. Interestingly, the smaller cerium oxide nano-
crystals (3.8 nm) displayed higher antioxidant proper-
ties than the larger cerium oxides nanocrystals (8.2 nm).
We suggest that the highest percent of cerium(lll) in
the smaller nanocrystals (44% of Ce(lll) from 3.8 nm
cerium oxide) prevents accumulation of intracellular
ROS more effectively than the larger cerium oxide
nanocrystal (30% of Ce(lll) from 8.2 nm cerium oxide).
In summary, these results demonstrate that oleic acid
coated cerium oxide nanocrystals protect cells from
oxidative stress by preventing generation of intracel-
lular ROS. It remains to be determined how size and
other physicochemical properties of the cerium oxide
nanocrystals affect cell physiology. The intracellular
localization of the nanocrystals as well as cellular path-
ways activated in response to internalization of the
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nanocrystals will also need to be determined to define
the design rules to generate the nanocrystals with
desired antioxidative properties. (Figure S11)

Recycling Behavior of Nanoscale Ceria and Its Dependence on
Surface Coating. One finding from this work is that
nanoparticles may be reused as antioxidants because
cerium(lV) can in some cases slowly recycle back to
cerium(lll). Das et al. demonstrated this feasibility of the
redox cycling of cerium ions using nanoceria prepared
by coprecipitation method; the pale yellow solution
formed after hydrogen peroxide reaction passively
returned to its original position in a matter of days
(Figures $12 and $13).%° As is apparent, many of these
samples can be used repeatedly, presumably after
native donors present in water have converted the
cerium(IV) back to cerium(lll).

However, after multiple uses, nanoparticles can
either exhibit reduced reactivity toward hydrogen
peroxide, or they can precipitate out of solution. In
the data in Figure S12 this is shown with an arrow, after
which no meaningful data could be collected. This
phenomenon is analogous to a catalyst poisoning
process. If particles are to be optimized for long-term
redox cycling stability, the factors that improve the
ability to recycle the material must be identified. To
compare across these materials, we calculated the total
number of moles of peroxide per mole of cerium(lll)
(note: not per mole of nanocrystals) that react with the
particles without resulting in precipitation.

From the perspective of multiple redox cycling,
oleic acid coated nanoceria had the longest lifetime;
oleic acid coated ceria did not lose its colloidal stability
even after 18 injections of H,O, over 6 months (10 umol
of H,0, injection per cycle, 18 cycles) (Figure S12). This
material can react with 20 times more peroxide than
cerium(lll) concentration for 18 cycles; CeO, suspen-
sion under the multiple H,0, injections showed 21.6 umol
of H,O, decomposition for 18 cycles based on the
results from GC-MS and UV—vis in Figure S7. We
speculate that oleic acid not only forms the hydrophilic
second layer by hydrophobic—hydrophobic interac-
tion with 18-carbon chain on oleylamine, but also
makes the first layer more compact through stronger
interaction between oleic acid and ceria.>® Multiple
injections of H,0, gradually reduced the reactivity of
the nanocrystals; after 18 cycles of the redox reaction,
oleic acid coated nanoceria lost almost 90% of its
reactivity as compared to the first hydrogen peroxide
exposure. Eventually, we anticipate that the surface
coating itself reacts with excess H,0, and becomes less
effective at stabilizing nanocrystals leading to aggre-
gation and loss of antioxidant behavior.”' 73 (Figure 514)

CONCLUSIONS

Monodisperse cerium oxide nanocrystals were syn-
thesized with uniform diameters by the high tempera-
ture decomposition of cerium precursors in organic
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media. The resulting nanocrystals were phase trans-
ferred to water via a bilayer method using amphiphilic
polymers (poly(acrylic acid), oleic acid, and polymalei-
canhydride-alt-1-octadecene) as well as a ligand ex-
change route by the addition of polyethylene imine.
During the reaction between these nanocrystals and
peroxide, the evolved O, and the remaining H,0, con-
centration were monitored using GC-MS and a luminol
test; the ratio of the reacted H,0,/cerium(lll)/O, was
almost 2:1:1. These results illustrated that colloidally
stable oleic acid coated cerium oxide quench H,0,
molecules through a Fenton-like reaction. The antiox-
idant capacity of ceria depends on cerium(lll) concen-
tration and the polymer shell thickness; 3.8 nm
diameter cerium oxide nanocrystals (44% cerium(lll)
content) coated with a thin surface stabilizer (such as
poly(acrylic acid) or oleic acid) quenched more H,0,
than 82 nm diameter nanoceria (30% cerium(lll)

METHODS

Chemicals. Cerium(lll) nitrate hexahydrate (Ce(NOs)s-6H,0
(99%)),0leylamine (OM, technical grade, 70%), 1,2 hexadecane-
diol (HDD, technical grade, 90%), 1-octadecene (ODE, technical
grade, 90%), poly(acrylic acid) (PAA, M,, = 1800), octylamine (99%),
polymaleicanhydride-alt-1-octadecene (PMAO, M,, = 30000—
50000), polyethyleneimine (PEl, M,, = 25000), tris(hydroxyl
methyl)-aminomethane (99.9%), luminol (97%), potassium fer-
ricyanide (KsFe(CN)s, 99%), fluorescein sodium salt (FL), 2-2'-
azobis(2-amidinopropane)dihydrochloride (AAPH), and race-
mic 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolx) were purchased from Sigma-Aldrich. Hydrogen peroxide
(H,0,, 30%), sodium hydroxide (NaOH, 1 N), sodium bicarbo-
nate (NaHCOs, 99.9%) and dimethylformamide (DMF, 99.9%)
were purchased from Fisher scientific. 1-Ethyl-3-[3-dimethyla-
minopropyl]carbodiimide hydrochloride (EDC) was purchased
from Thermo Scientific. All ceria nanocrystals were synthesized
under ultrahigh purity nitrogen.

Synthesis of Nanoceria. Three different diameter cerium oxide
nanocrystals were synthesized by the decomposition of Ce-
(NO3)3+6H,0 in the presence of oleylamine at high temperature
as reported previously by this group.>® The 3.8 nm cerium oxide
was synthesized by 1T mmol of Ce(NOs);-6H,0 mixed with
3 mmol of oleylamine in 5 g of ODE. The 54 nm nanoceria
was prepared by mixing 5 mmol of Ce(NOs);-6H,0 and 15 mmol
of oleylamine in 5 g of ODE. The 8.2 nm nanoceria was obtained
by adding water of 40 mmol in the cerium precursor and
oleylamine mixture: the concentration of Ce(NOs)3-6H,0 and
oleylamine was 10 and 40 mmol, respectively, in 5 g of ODE. All
chemicals were mixed at room temperature and dissolved at
80 °C for 30 min. Nanocrystals were grown at 260 °C for 2 h
under ultrahigh pure nitrogen condition.

The as-prepared nanoceria was purified using ethanol,
acetone and hexane at least 5 times to remove unreacted
cerium precursor, surfactants, and ODE. The resulting deep
brown precipitate gave pure ceria nanocrystals which are
redispersible in various nonpolar solvents such as, chloroform,
hexane and toluene.

Phase Transfer of Nanoceria. The as-synthesized nanoceria was
transferred to aqueous solution using ligand exchange®” and
encapsulation methods.>¢°874

Oleic Acid Coated Nanoceria. Particular amount of oleic acid
(from 30 to 250 umol) was stirred with 1 mL of nanoceria/ethyl
ether solution (typically, 5.4 mg/mL) and 10 mL of ultra pure
water. Aqueous and organic phases were mixed by application
of a probe-sonicator (UP 50H, DR.HIELSCHER) for 5 min at 60%
amplitude and full cycle. The resulting solution was further
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content) covered with thicker polymer (polyethylene
imine or polymaleicanhydride-alt-1-octadecene) stabi-
lizers. The antioxidant capacity as evaluated using the
ORAC assay of the thinnest surface coated nanoceria
(3.8 nm Ce0, coated with oleic acid) was 9-fold higher
than that of a benchmark antioxidant, Trolox. Further-
more, these nanocrystals reduced intracellular ROS
generation in fibroblasts exposed to oxidative stress.
During repeated use of nanoscale CeO, over months,
the oleic acid coatings retained their stability in the
presence of H,0,. Ultimately the particles were able to
react over 20 times with high concentrations of
hydrogen peroxide. The relatively high antioxidant
capacity of these materials, coupled with their ability
to be reused, suggests that the need to incorporate
surface coatings onto nanocrystalline ceria is not
an impediment to their application to biological
problems.

stirred for 1 day to evaporate the ether and to obtain a clear
yellow brown solution.

Poly(acrylic acid)—Octylamine (PAAOA) Coated Nanoceria. The syn-
thesis of PAAOA amphiphilic polymer was adapted from pre-
vious reports.”>”® Various concentrations of PAAOA (from 0.5 to
50 umol) were added to 1 mL of nanoceria/ethyl ether solution
(typically, 2.5 mg/mL) with 10 mL of ultra pure water. The mixed
solution was sonicated using the probe sonicator at the same
experimental setup mentioned above.

PMAO Coated Nanoceria. PMAO (0.01—2.5 umol) was added to
1 mL of nanoceria/chloroform solution (about 1 mg/mL) with
10 mL of ultra pure water. The solution was probe-sonicated in
the same condition mentioned above.

PEI Coated Nanoceria. PEI (0.1—16 umol) was added to 1 mL of
nanoceria/chloroform solution (about 5.7 mg/mL) then probe-
sonicated with the same condition, mentioned above.

Purification of as-prepared water-soluble nanoceria was
carried out using ultracentrifugation (Sorvall Discovery 100 SE
Ultracentrifuge) at 40000 rpm for 4 h, followed by syringe
filtration (pore size of 0.45 um, WHATMAN-NYL). All the resulting
phase transfer nanoceria pellets were redispersed and stable in
Mili-Q water, phosphate or sodium bicarbonate buffer solution
(pH was from 5 to 10).

UV—Vis Spectroscopy. To measure antioxidant property of
different diameter and surface coated nanoceria with H,0,,
UV—vis absorbance spectra were obtained as a function of time
using UV—vis spectroscope (Cary 5000 UV—vis-NIR spectro-
photometer, Varian).

Transmission Electron Microscopy (TEM). The TEM micrographs
were taken by a JEOL 2100 field emission gun TEM operating at
200 kV with a single tilt holder using ultrathin carbon type-A 400
mesh copper grids (Ted Pella, Inc.). The size and its distribution
data were obtained by counting >1000 nanocrystalline particles
using Image-Pro Plus 5.0 (Media Cybernetics, Inc,, Silver Spring,
MD).

X-ray Photoelectron Spectroscope (XPS). XPS data was collected
using a PHI Quantera XPS with a monochromatic Aluminum
38.6 W X-ray source and 200.0 um X-ray spot size with a pass
energy of 26.00 eV at 45.0°.

Dynamic Light Scattering (DLS) Analysis. The phase-transfer
water-soluble nanocrystalline cerium oxide samples were char-
acterized by dynamic light scattering (DLS) and zeta potential to
measure the hydrodynamic size and surface charge, respec-
tively. The hydrodynamic diameters and surface charge of
different sized nanoceria covered with PAAOA, oleic acid,
PMAO, and PEl were measured at pH 7 and 25 °C, using a
Malvern Nano ZS system by Malvern Instruments equipped
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with a HeNe 633 nm laser (Malvern Zetasizer Nanoseries,
Malvern, UK.). The average hydrodynamic diameters were
obtained by the mean size of the first peak of the number
distribution and the standard deviation was determined from
triplicate measurements.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP). The
concentration of water transferred nanoceria was measured
from ICP using a Perkin-ElImer ICP-AES instrument equipped
with an auto sampler. ICP samples were prepared by digestion
of aqueous fractions using HNO3 (99%) and H,0; (30%) in a
5 mL of diluted nanoceria sample. The solution volume was
decreased by heating to a fourth of its original volume. When
the solution was dried to about 1/4 of the initial volume, 100 uL
nitric acid was added. The obtained sample was treated by the
further addition of 50 uL of nitric acid and 1 mL of H,0, until
effervescence stopped, indicating full dissolution of the ceria.
The resulting colorless solution was transferred into a 5 mL
volumetric flask and then diluted to 5 mL using DI-water.

Nanoparticle Concentration Calculation. Nanoparticle concentra-
tions are found from analytical measures of total cerium con-
centration in solutions digested with acids. To require an
estimate of the weight of a single particle, we assumed a particle
volume of 4/37r® where r is the average radius of the nanocrys-
tal as determined by TEM measurements of over 1000 particles;
then we took the density of CeO, in the nanoparticle to be
equivalent to that of the bulk phase (e.g., 7.65 g/mL) and could
calculate the particle weight.>® As an example, the volume of a
3.8 nm diameter particle of CeO, is 2.87 x 1072° mL, which
provides a total mass per particle of 2.2 x 10~'° g. Using this
data, and Avogadro's number, we find for a solution 300 ppm in
cerium a nanoparticle concentration of 2.78 uM.

GC-MS Spectroscopy. Agilent Technologies 7890A GC system
was used to measure the evolved oxygen amount during the
decomposition of H,0, in nanoceria solution. For the calibration
of O, measurement, the vials (National Scientific Company (vial,
C4020-210; septa, C4020-36A)) were purged with nitrogen for 5
min, various amounts of oxygen (0, 500, 1000, and 1500 uL)
were injected into N, purged vials, and 10 uL of the sample was
injected into GC-MS using Pressure-Lok gas syringe (VICI Preci-
sion Analytical Syringe, Vacuum leak rate was less than 2.8 x
1073 uL/h.). These measurements were conducted in triplicates.
Concentration (ppm) was calculated by considering the purged
vials to be at 1 atm, and then getting mass of the oxygen. The
equation of oxygen calibration curve was y = 0.0007x; y is
relative abundance ratio of oxygen to nitrogen (loo/In2) and x
is oxygen content (ppm) (Figure S5).

To explore the abundance of evolved oxygen in nanoceria
samples, the relative intensity ratios of oxygen to nitrogen were
collected as a function of time after the injection of particular
amount of H,0, (1, 2, 5,and 10 umol) in nanoceria solution (2.78
M) in a 10 mL crimped vial.®”

Luminol Test of Water-Soluble Cerium Oxide Nanocrystals. H,O,
(645 x 10~* M) from 0 to 50 uL was injected to an oleic acid
coated 3.8 nm cerium oxide solution (0.011 xM). To measure the
remaining concentration of H,0, in the supernatant, the reac-
tion solution was centrifuged at 43 000 rpm for 7 h. To measure
chemiluminescence, 20 uL of the supernatant was mixed with
120 uL of tris(hydroxyl methyl)-aminomethane buffer (pH ~ 10),
50 uL of 3% KsFe(CN)s, and 10 uL of luminol (1 x 1072 M, pH ~
10) in a 96-well plate(flat bottom, white polystyrene). The
absorbance was measured at 485 nm by a spectrophotometer
(SpectraMax M2, Molecular Devices, Sunnyvale, CA). This experi-
ment was repeated in triplicate.

Oxygen-Radical Absorbance Capacity (ORAC) Assay. The assay was
treated by the method mentioned by Lucente-Schultz et al.>
Fluorescein sodium salt (FL, 0.2 M), 2-2-azobis(2-amidinopropane)-
dihydrochloride (AAPH, 0.15 M), and racemic 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolx, from 1.5 to 10
#M), and nanoceria (oleic acid coated- and PMAO coated-CeO,,
from 1.5 to 10 uM) were prepared in phosphate buffer saline
(PBS) at pH 7.4 in a 96-well plate (flat bottom, black with clear
bottom, polystyrene). The fluorescence intensity was measured
at 530 nm by 485 nm excitation every minute for 6 h using a
microplate reader (TECAN Infinite M200). The relative fluores-
cence intensity was measured by the assay (with antioxidant:
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120 uL FL 4 20 uL antioxidant + 60 uL AAPH), Control 1 (without
AAPH: 120 uL FL 4- 20 uL antioxidant + 60 uL PBS), and Control 2
(without FL: 120 uL PBS + 20 uL antioxidant + 60 uL PBS). The
antioxidant capacity was calculated by measuring the area
under curve (AUC) of the time dependent fluorescence intensity
from the antioxidant (Trolox and nanoceria) and the blank
(without the antioxidant) reported by Licio et al.*® The assays
were performed in triplicates.

AUCAn(ioxidant - AUCBlank «
AUCgjank

Measurement of Intracellular Reactive Oxygen Species (R0S) Genera-
tion. Wild-type human dermal fibroblasts were obtained from
Coriell Cell Repositories (GM00498). Fibroblasts were grown at
37 °Cin 5% CO, in DMEM (Lonza), supplemented with 10%
heat-inactivated fetal bovine serum and 1% glutamine Pen-
Strep. Medium was replaced every 3 or 4 days. Monolayers were
passaged with TrypLE Express. Oxidative stress was measured
using Dihydrorohodamine 6G (DHR6G) as previously described
by Kilpatrick et al.”” Cells were cultured in medium containing
cerium oxide nanocrystals for 24 h at 37 °C. The medium was
replaced with fresh medium containing 2 mM hydrogen per-
oxide (H,0,) and samples were incubated for 2 h at 37 °C. Cells
were washed with PBS and incubated with 5 uM DHR6G
(Anaspec) in serum-free DMEM for 30 min at 37 °C. Cells were
collected in PBS, centrifuged at 300g for 5 min, and washed with
PBS. The fluorescence (FL) intensity was analyzed by flow
cytometry (FACSCantoll, BD Biosciences) using a 488-nm argon
laser and 585/42 band-pass filter. The relative fluorescence
(FLelatives %) was calculated as follows:

Antioxidantcapacity%) = 100

FLReIativé%) _ FI—TreatedceIIs — FI—UntreatedceIIs % 100

FI—UntreatedceIIs
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