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Abstract

Cerium oxide nanoparticles (hanoceria) have recently been shown to protect cells against oxidative
stress in both cell culture and animal models. Nanoceria has been shown to exhibit superoxide
dismutase (SOD) activity using a ferricytochrome C assay, and it is this mimetic activity that has
been postulated to be responsible for cellular protection by nanoceria. The nature of nanoceria’s
antioxidant properties, specifically what physical characteristics make nanoceria effective at
scavenging superoxide anion, is poorly understood. In this study electron paramagnetic resonance
(EPR) analysis confirms the reactivity of nanoceria as an SOD mimetic. X-ray photoelectron
spectroscopy (XPS) and UV-visible analysis of nanoceria treated with hydrogen peroxide
demonstrate that a decrease in the Ce 3*/4" ratio correlates directly with a loss of SOD mimetic
activity. These results strongly suggest that the surface oxidation state of nanoceria plays an integral
role in the SOD mimetic activity of nanoceria and that ability of nanoceria to scavenge superoxide
is directly related to cerium (I11) concentrations at the surface of the particle.

1.0 Introduction

Cerium is a lanthanide series rare earth element, and is the most abundant of these rare earths,
present at about 66 parts per million in the earth’s crust. Cerium can exist in either the free
metal or oxide form, and can cycle between the cerous, cerium (I11), and ceric, cerium (1V),
oxidation states [1]. Both oxidation states of cerium strongly absorb ultraviolet light and have
two characteristic spectrophotometric absorbance peaks. The first peak is in the 230 to 260 nm
range and corresponds to cerium (111) absorbance. The second peak absorbance occurs in the
300 to 400 nm range and corresponds to cerium (IV) absorbance [2].

Nanoceria has similar chemical and physical properties to bulk cerium, however, because of
the increased surface area and oxygen vacancies present, nanoceria has potential as a unique
catalyst [3]. Much of the unusual catalytic chemistry involved with nanoceria is believed to be
due to oxygen vacancy sites at the surface of the nanoceria lattice. These oxygen vacancies are
characterized by cerium (1) atoms in the center of the vacancy surrounded by adjacent cerium
(1V) atoms [4]. The presence of cerium (l11) at the surface of nanoceria is unique to the center
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of the oxygen vacancy and the relatively high abundance of these vacancies in nanoceria is
speculated to be responsible for the altered redox chemistry of nanoceria versus bulk cerium

[5].

Current research using nanoceria as a catalyst is quite broad. Among other applications,
nanoceria is being developed for use in catalytic converters, as a scaffolding for carbonic
anhydrase inhibitors, and as an oxygen sensor [6-9]. Oxidative stress generated from various
endogenous sources has long been associated with cellular senescence and degenerative disease
[10]. Because of the unique redox properties of cerium oxide and other lanthanide based metals,
nanoceria is also being tested in both animal and cell culture models to determine its ability to
protect against oxidative stress [7,11-13]. Specifically, glutamate induced excitotoxicity was
reduced in HT22 neuronal cell model after treatment with cerium or yttrium nanoparticles
[12]. Treatment of adult rat neurons with 10 nM nanoceria resulted in a decrease in cellular
senescence after 30 days [14]. Transgenic mice expressing high levels of the chemoattractant
MCP-1 were given nanoceria and showed reduced inflammation and cell death in a
cardiovascular disease model [11]. These animal and cell culture studies demonstrate the
effectiveness of nanoceria as an apparent antioxidant. However, the mechanism behind this
protection is poorly understood and remains a gap in our knowledge today.

Prior literature suggests that the protective effects of nanoceria are a result of general radical
scavenging capabilities. Currently, the only specific radical scavenging activity that has been
reported is the SOD mimetic activity of nanoceria [7]. In this study, we further explore the
mechanism behind this SOD mimetic activity, as it relates to the Ce 3*/47 ratio at the particle
surface.

2.0 Materials and Methods

2.1 Materials

Xanthine oxidase and catalase were obtained from Sigma-Aldrich (St. Louis Missouri).
Hydrogen peroxide and cytochrome C were from Acros Organics (Geel, Belgium). Tris was
obtained from MP Biomedicals (Solon, Ohio). The radical spin trap 5-
(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPQ) was from Axxora, LLC
(San Diego, California). Nanoceria preparations were prepared as previously described [7].
Concentrations are reported as particles and based on average size of water-based synthesis
preparations as described [7].

2.2 Spin-trap EPR studies

EPR was use to identify oxygen radicals using the spin trap DEPMPO as previously described
[15]. Reactions were buffered using 100 uM Tris buffer at pH 7.0. 30 mM DEPMPO and 50
uM DPTA was added to all reactions. EPR spectra were acquired using a Bruker Elexsys E580
EPR spectrometer. All spectra were collected in perpendicular mode using a Bruker model ER
4122SHQE super-high Q resonator. EPR settings used to detect DEPMPO spin-trap adducts
were: 20 mW microwave power, 20.48 ms time constant, 81.92 conversion time, 1.0 G
modulation amplitude, field set = 3514, sweep with = 100 G, number of scans = 4.

2.3 UV-visible spectroscopy

UV-visible spectroscopy was used to measure the change in the oxidation state of nanoceria,
in the presence or absence of the oxidizing agent hydrogen peroxide. Spectra for nanoceria
were acquired using an Agilent 8453 UV-visible spectrophotometer (Santa Clara, CA) at room
temperature in a 40 uL microcuvette (Starna Cells, Atascadero, CA). An aliquot of nanoceria
pretreated with 1.0 M H,05, 0.1 M H,05, or untreated ceria was diluted in water to a final
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concentration of 750 nM (particle concentration). The UV-visible spectrum of nanoceria was
recorded over a period of 16 days. Cuvettes were sealed to eliminate evaporation of the sample.

2.4 XPS analysis

XPS was performed using a 5400 PHI ESCA (XPS) spectrophotometer. The base pressure
during the analysis was 109 torr and operated at a power of 300W using Mg K X-radiation.
For XPS analysis, nanoceria samples were treated with 1.25 M hydrogen peroxide for 24 hours.
Samples were then heated to remove excess water and peroxide and nanoceria was
subsequently assayed for oxidation state. The samples were mounted on a carbon tape for XPS
analysis. The charging shift was calibrated with the binding energy of Carbon (1s) as a baseline
(284.6 eV).

2.5 Determination of hydrogen peroxide concentration

Hydrogen peroxide levels were detected using a 10-acetyl-3,7-dihydroxyphenoxazine
(Amplex red) peroxidase assay kit from molecular probes (Eugene, OR). Amplex red has an
excitation peak of 571 nm and an emission peak of 585 nm when converted to a fluorescent
resorufin compound in the presence of horseradish peroxidase and hydrogen peroxide. Samples
taken from the nanoceria incubation were diluted to reduce the target level of hydrogen
peroxide to less than 5 uM such that it is within the linear range of the enzyme-based assay.
Fluorescence was measured in 96 well white microplates using a Varian Cary Eclipse
spectrofluorometer (Varian, Palo Alto, CA) equipped with microplate reader. An excitation
wavelength of 530 nm and an emission wavelength of 590 nm were used with slit widths of 5
nm and detection voltage at 400 V. A standard curve was generated using hydrogen peroxide.
Peroxide levels are reported as the level remaining with respect to starting concentration (1.0
M or 0.1 M H,0,).

2.6 SOD mimetic assay

Reduction of ferricytochrome C was used to measure the SOD mimetic activity of nanoceria.
Superoxide was generated by incubating 5 mM hypoxanthine and xanthine oxidase as
previously described [7]. Xanthine oxidase concentration was adjusted prior to each
experiment to insure that control samples reduced ferricytochrome C at a rate of 0.025
absorbance units per minute. Each assay was run at room temperature for five minutes in a 96
well plate with a total volume of 100 pL. All reactions were buffered using 50 mM Tris buffer
pH 7.5. The rate of ferricytochrome C reduction was measured by following an increase in
absorbance at 550 nm using a Spectramax 190 UV-visible spectrophotometer (Molecular
Devices, Sunnyvale, CA). Nanoceria samples were diluted to give 60 nM (particle) in the assay,
as previously described [7]. During each time point control samples (no nanoceria) and 60 nM
untreated nanoceria samples were run in parallel. All samples included 2,000 units of catalase
to eliminate any residual hydrogen peroxide that may react either with nanoceria or
ferricytochrome C.

3. 0 Results and discussion

3.1 EPR analysis

In order to corroborate the previously reported SOD mimetic activity of nanoceria that was
based on ferricytochrome C assay, EPR was performed using hypoxanthine and xanthine
oxidase to generate superoxide. Superoxide generated was measured using the spin trap
DEPMPO as previously described [15,16]. In the presence of 750 nM nanoceria, the EPR signal
intensity of a superoxide adduct of DEPMPO is significantly reduced (Figure 1). This intensity
of a hydroxyl radical adduct, presumably produced by reaction of hydrogen peroxide and
released iron, did not decrease in the presence of nanoceria (Figure 1). This confirms that
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nanoceria catalyzes SOD activity and suggests that nanoceria may have some specificity for
superoxide radicals. This argues directly against a general radical scavenging activity by this
type of cerium oxide nanoparticle.

3.2 Oxidation of nanoceria by hydrogen peroxide

Having firmly established evidence that nanoceria can scavenge superoxide, by two different
independent methods, further investigation is warranted to determine what physical properties
play a role in its SOD mimetic activity. Previous studies have shown that hydrogen peroxide
can oxidize the surface oxygen vacancies of nanoceria from cerium (111) to cerium (1V) [14].
If surface oxidation state is a key component of nanoceria SOD activity, then hydrogen
peroxide would be an effective means to probe this possibility. Therefore, nanoceria was treated
with 1.0 M or 100 mM hydrogen peroxide to alter the oxidation state of surface oxygen
vacancies. Oxidation of nanoceria, specifically lowering the ratio of Ce 3*/4*, was confirmed
using XPS analysis and clearly shows an increase in cerium (IV) present after treatment with
hydrogen peroxide (Figure 2). A relative decrease in the intensity of peaks at 885.0 and 903.5
eV corresponding to the Cerium (111) oxidation state can be observed after the addition of
hydrogen peroxide with a simultaneous rise in the relative intensity of peaks at 882.1, 898.0,
900.9, 906.4 and 916.4 eV corresponding to the cerium (IV). The treatment of nanoceria by
hydrogen peroxide oxidized the surface of the nanoceria from (I11) to (IV) as shown by the
XPS spectra.

To measure changes in the oxidation state of nanoceria over time, UV-visible
spectrophotometric analysis was performed. Oxidation of nanoceria by hydrogen peroxide
should increase cerium (IV) concentrations and therefore should result in an increase in
absorbance in the 300 to 400 nm range [2]. The 230 to 260 nm spectral range, which
corresponds to the cerium (I11) concentration, should also show a corresponding decrease in
absorbance after the addition of hydrogen peroxide. Unfortunately, hydrogen peroxide absorbs
strongly in this region. This makes following any spectrophotometric changes in cerium (111)
concentration difficult (Figure 3A).

However cerium (IV) absorbance, which is not obscured by hydrogen peroxide, can still be
used as areliable and convenient method for measuring the surface oxidation state of nanoceria.
UV-visible data shows a peak increase in absorbance in the 300 to 400 nm range approximately
48 hours after the addition of 1.0 M hydrogen peroxide (Figure 3B). This observed increase in
absorbance is congruent with both previous literature and our own XPS data (Figure 2), and
demonstrates that peroxides are capable of oxidizing nanoceria [17].

3.3 SOD mimetic activity of oxidized nanoceria

In order to assess the impact of oxidation state on SOD mimetic activity, nanoceria was tested
using a ferricytochrome C assay during oxidation by hydrogen peroxide. Experiments were
performed at various time points after the addition of hydrogen peroxide and were conducted
over a period of approximately two weeks. Hydrogen peroxide treated nanoceria lost nearly
all detectable SOD mimetic activity within 48 hours (Figure 4). Over the following 14 days,
peroxide-treated nanoceria regained nearly 100% of the original mimetic activity when
compared to untreated samples (Figure 4). This clearly shows that hydrogen peroxide is capable
of temporarily inactivating the SOD mimetic activity of nanoceria. However, the observed
inactivation is only transient; that is as hydrogen peroxide decomposes, nanoceria regains SOD
mimetic activity. Comparing of the reduction state of nanoceria (Figure 3) to the SOD mimetic
activity (Figure 5) it is clear that the changes in spectrophotometric absorbance over time
matched inhibition in SOD mimetic activity. The return of SOD mimetic activity was
accompanied by a corresponding drop in absorbance at 300-400 nm. This strongly suggests
that the cerium (111) to cerium (1V) ratio is directly related to the reported SOD mimetic activity.
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This data also agrees with XPS analysis that showed nanoceria preparations containing high
amounts of cerium (1V) were ineffective in SOD mimetic assays [7].

Hydrogen peroxide levels in treated nanoceria were also measured in parallel (Figure 6). The
results clearly show a reduction in peroxide concentration over time, however when compared
to SOD mimetic assays (Figure 4), there appears to be little correlation between absolute
peroxide levels and the SOD mimetic activity of nanoceria. This information suggests that the
oxidation of nanoceria from cerium (I11) to cerium (1V) is responsible for the resultant loss in
SOD mimetic activity and is not related to residual peroxide. Altogether, this data suggests
that the only relevant effect of hydrogen peroxide on nanoceria is to oxidize nanoceria from
cerium (111) to cerium (1V) and any residual hydrogen peroxide only serves to slow the rate at
which nanoceria regains activity via changes in the surface chemistry. The rate of this reversal
to cerium (I11) is controlled by the standard reduction potential on the surface of the nanoceria
in the respective solution. The standard reduction potential for the reaction 1 depends upon the
pH of the solution and is found to be below 1.58V above a pH of 1.68 [18].

Ce* +e” — Ce¥* (1)
H,0, - HO, + H" + ¢~ @)

On the other hand the hydrogen peroxide dissociates via equation 2 and the standard reduction
potential (=1.5V) value indicates that it is capable of causing the reverse of equation 1, that is
it can oxidize the cerium (present in solution as ions or particles) from (I11) to (IV) oxidation
state. The addition of excess hydrogen peroxide creates an oxidizing environment during which
the ceria is favored in (1) oxidation state. As the hydrogen peroxide dissociates naturally
through equation 2 the shift in reduction potential of the system occurs which then drives the
reduction of cerium from (IV) to (I11) via equation 1. It must be noted that the hydroperoxy
radical (HO,) is known to play a role in the reversal of oxidation state of nanoceria. Overall
the species present in the solution alters the surface potential of the nanoceria and controls the
oxidation state as well as chemistry of nanoceria in solution.

Because spectrophotometric determination of cerium (111) levels is difficult in the presence of
high concentrations hydrogen peroxide, an alternative method was used for analysis of cerium
(111) levels in nanoceria after oxidation by peroxide. An additional sample of nanoceria was
treated with 1.0 M hydrogen peroxide to alter surface cerium oxidation state. After 48 hours
of hydrogen peroxide treatment 4 units of catalase were added to the oxidized nanoceria. The
removal of residual peroxides allows for both determination of SOD mimetic activity in the
absence of hydrogen peroxide and further spectrophotometric examination of nanoceria. After
the addition of catalase the raw spectral data for nanoceria clearly shows both cerium (111) and
cerium (V) concentrations (Figure 7). If hydrogen peroxide levels were somehow altering
SOD mimetic activity of nanoceria, the addition of catalase should cause immediate return of
activity. SOD mimetic activity did not return immediately upon removal of hydrogen peroxide
by catalase (data not shown) because of the reasons explained in section 3.3. The return of
oxidation state and the related SOD mimetic activity will depend upon the surface chemistry
which in turn is affected by the environment and surface potentials. The level of cerium (111)
did increase concomitantly to the decrease in cerium (I1V) levels as assessed by UV-visible
spectrum (Figure 7). This further suggests that oxidation state is responsible for the activity of
nanoceria and helps to rule out the possibility of artifacts potentially generated by residual
hydrogen peroxide.
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4.0 Conclusions

Taken together, the results presented in this report give important insight into mechanism
behind the SOD mimetic activity of nanoceria and makes a strong case for surface associated
cerium (I11) sites as the active site for SOD mimetic activity. Among several factors including
size/surface area and oxygen vacancy sites, oxidation state appears to play a key role that may
be responsible for the effectiveness of nanoceria in catalyzing SOD mimetic activity.
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Figure 1. EPR spin-trap analysis confirms SOD mimetic characteristic of nanoceria

The left column represents superoxide DEPMPO adduct signal generated by hypoxanthine and
xanthine oxidase in the absence of nanoceria. The right column contains identical conditions
with the exception of the addition of nanoceria. (A,E) represent baseline corrected EPR
spectrum. (B,F) are simulated signals for superoxide adduct. (C,G) are simulated signals for
hydroxyl radical adduct. (D,H) are combined simulated EPR signals.
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Figure 2. XPS analysis of peroxide treated nanoceria
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XPS spectra show the relative concentration of cerium (I11) and cerium (1V) oxidation states.
The peaks between 875 to 895 eV belong to the Ce 3d5/2 while peaks between 895-910 eV
correspond to the Ce 3d3/2 levels. The peak at 916 eV is a characteristic satellite peak indicating
the presence of cerium (IV). The spectra clearly show a difference in the population density
of oxidation states of nanoceria upon addition of hydrogen peroxide. After the addition of
hydrogen peroxide cerium (111) levels decrease while a corresponding increase in cerium (1V)

is observed.

Biomaterials. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heckert et al.

A 1\ N 3hr
N N
2.5 \ 27 hrs
o\ AN ———— 99 hrs
\ N\ 171 hrs
SN N — — 219hrs
2.0 A \ \ AN 267 hrs
\ \ AN ——— 339hrs
8 \\ \ \ \\ Control
Sasd\y >
"8 . \ \ AN \\
2 N
o \ N ~
<0 N o T~
\\ x\ -
o RN
0.5 1 Tmem——— ~—_ ;
0.0 T T T T
230 240 250 260 270 280
B Wavelength
—— 3hrs
0.5 A1 27 hrs

Absorbance

———= 51hrs
75 hrs
— — 99 hrs
——— 123 hrs
——— 339hrs
387 hrs

Control

I o |
300 350 400

Wavelength

Figure 3. Oxidation of nanoceria leads to reduction in SOD mimetic activity
(A) Competitive inhibition of ferricytochrome C reduction by superoxide after approximately
2 days, Filled circle: control, Open circle: 1.0 M H,0O, treated nanoceria, Filled triangle: 100
mM H,0, treated nanoceria, Open triangle untreated nanoceria control. (B) 7 days (C) 9 days

(D) 16 days. Control is untreated nanoceria.
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Figure 4. Oxidized nanoceria SOD mimetic activity returns over time

48 hours

0 50

216 hours

T I i : i %

K

HAH
HAH
HigH

0 50

Absorbance (550nm)

Absorbance (550nm)

Time (seconds)

168 hours

384 hours

0 50

Page 11

Analysis of nanoceria SOD mimetic activity over time shows a reduction of activity after
hydrogen peroxide treatment followed by a slow return in activity over approximately two

weeks.
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Figure 5. Hydrogen peroxide levels in oxidized samples do not correlate with SOD mimetic activity
Hydrogen peroxide levels were measured using an amplex red assay. Peroxide levels were
measured at set time points from 3 hours to approximately 384 hours.
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Figure 6. UV-visible spectrophotometric analysis reveal changes in Ce 3*/4* surface of hydrogen
peroxide treated nanoceria

UV-Visible spectra of nanoceria treated with 1.0 M hydrogen peroxide absorbance in the 400
nm range is due to cerium (1V). (A) UV-Visible spectra of nanoceria treated with 1.0 M
hydrogen peroxide absorbance peaks at 255 nm are due to cerium (111) absorbance. (B) Spectra
of 300 to 400 nm range of hydrogen peroxide treated nanoceria at various time points.
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Figure 7. Change in nanoceria spectrum over time after addition of catalase

Spectrophotometric analysis of hydrogen peroxide treated nanoceria. Samples were treated
with hydrogen peroxide for two days to insure oxidation of nanoceria then four units of catalase
were added to remove excess peroxide. Note the peak at 252 nm corresponding to cerium (I11)
was previously obscured by excess hydrogen peroxide.
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