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In this report ceria nanoparticles are shown to act as catalysts

that mimic superoxide dismutase (SOD) with the catalytic rate

constant exceeding that determined for the enzyme SOD.

Cerium is a rare earth element of the lanthanide series. The oxide

form (CeO2) has routinely been used in polishing glass, but current

research is focused on use of cerium oxide nanoparticles in

catalytic converters for automobile exhaust systems, oxygen

sensors, an electrolyte for solid oxide fuel cells or as an ultraviolet

absorbent.1–4 While most of the rare earths exist in trivalent state

(+3), cerium also occurs in tetravalent (+4) state and may flip-flop

between the two in a redox reaction.5–8 It is established that cerium

oxides make excellent oxygen buffers, because of this redox

capacity.9 As a result of alterations in the cerium oxidation state,

cerium oxide forms oxygen vacancies or defects in the lattice

structure by loss of oxygen and/or its electrons.6,7 The valence and

defect structure of cerium oxide is dynamic and may change

spontaneously or in response to physical parameters such as

temperature, presence of other ions, and partial pressure of

oxygen.5,6,10 Studies have shown that with a decrease in particle

size, cerium oxide nanoparticles show a formation of more oxygen

vacancies.11 The increased surface area to volume in nanoparticles

enables CeO2 to regenerate its activity and thereby act catalytically.

In the case of transition metal oxides, a thorough analysis of

vacancies has lead to the understanding of the fundamental nature

of the catalytic reactivity.12–15 This knowledge has been lacking in

the rare earth oxides. In addition, there has been no reported

literature on the molecular mechanism of any catalytic activity of

these nanoparticles in biological systems.

Cerium oxide nanoparticles have a unique electron structure

that is similar to chemical spin traps such as nitrosone compounds,

and mixed valence state ceria nanoparticles have been recently

shown to apparently act as biological antioxidants.16 It has been

proposed that this antioxidant activity is mediated at oxygen

vacancies at the surface. If so, then one cerium oxide nanoparticle

may offer many sites for catalysis, whereas pharmacological agents

or enzymes offer only one active site per molecule. In addition, the

electron defects in ceria nanoparticles may not be destroyed after

their initial reaction with reactive oxygen species and thus these

nanoparticles may be potent catalysts in a living cell. Although

there is growing evidence that ceria nanoparticles impart protec-

tion to living cells,16 the molecular mechanism of the antioxidant

properties of cerium oxide nanoparticles has yet to be elucidated.

Previous studies have suggested, based on observations of the

impact of ceria nanoparticles on cultured cells, that ceria

nanoparticles can act as radical scavengers and redox cycling

antioxidants.16–18 In this report we evaluated the ability of mixed

valence state ceria nanoparticles (with higher levels of cerium in the

+3 state) to react with superoxide in vitro. Since it has been

proposed that surface oxygen vacancies can mediate catalysis on

ceria nanostructures, and that higher ratio of Ce3+/Ce4+ in nano-

particles preparation correlates with higher oxygen and electron

vacancy,11,19 we tested two preparations of ceria nanoparticles in

this study for their ability to react with superoxide. First, we

analyzed two ceria nanoparticle preparations for their size, X-ray

diffraction pattern and surface chemistry. HRTEM analysis shows

that preparation A (Fig. 1A, ESI{) consists of polycrystalline

particles with 3–5 nm crystals. Sample B (Fig. 1B, ESI{) consists of
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Fig. 1 Ce 3d high resolution XPS analysis reveals higher Ce3+ levels in

sample A compared to sample B. The peaks between 875–895 eV

correspond to Ce 3d5/2, between 895–910 eV correspond to Ce 3d3/2 and

peak at 916 eV is a characteristic satellite peak indicating the presence of

+4 states. The peaks at 880.2, 885.0, 899.5 and 903.5 eV are indicative of

+3 peaks as opposed to those at 882.1, 888.1, 898.0, 900.9, 906.4 and

916.40 eV indicating the presence of +4 states.11 Note, the population

density of +3 states in Sample A is higher than in Sample B.
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hard, agglomerated, relatively large (5–8 nm) particles. The lattice

fringes of the particles showed the allowed planes (111) and (200)

in the particles. Theoretical calculations have shown that the (111)

surface is the most stable plane in cerium oxide.5

Next we used X-ray diffraction (XRD) analysis (Fig. 2, ESI{) to

confirm that both preparations of ceria nanoparticles contain a

fluorite crystal lattice. Peak broadening in sample A confirmed the

smaller particle size compared to sample B, which is consistent

with the HRTEM analysis. The measured BET (Brunauer Emmett

Teller) surface areas were also consistent with the HRTEM and

XRD measurements. The specific surface areas of the samples A

and B were found to be 140 and 115 m2 g21, respectively. The Ce

(3d) XPS spectra shown in Fig. 1 demonstrates the presence of a

mixed valence state (Ce3+ and Ce4+) for both preparations. These

results are similar to our previously published results of cerium

oxide nanoparticles.11,20 Higher intensity peaks corresponding to

Ce3+ were observed in sample A, indicating a higher Ce3+/Ce4+

ratio in this sample. The Ce (3d) XPS spectra were deconvoluted

as described previously11 and the concentration of Ce3+ was

calculated using the equation:

½Ce3z�~ AvozAv0zAu0zAu0

AvozAv0zAu0zAu0zAvzAvzAv0zAuzAuzAu0

where, Ai is the integrated area of peak i.

The Ce3+ concentration in sample A was found to be 40 atom%

while that in sample B was 22 atom%. These results are in line with

our earlier studies of size dependent changes in valence state of

cerium oxide nanoparticles which indicated increase in Ce3+ with

decrease in particle size.11 These two nanoparticles preparations

allowed us to compare ceria preparation with varying surface

chemistry for their potential interaction with superoxide.

We then tested whether nanoceria would affect the level of

hydrogen peroxide produced in the presence of superoxide

(generated from hypoxanthine/xanthine oxidase). We observed a

significant increase in hydrogen peroxide levels produced in the

presence of ceria nanoparticles using a coupled horseradish

peroxidase assay (data not shown). This increase was observed

in both preparations of nanoparticles, but the apparent increase

was more dramatic with preparation A. Since we had observed

increases in hydrogen peroxide production in the presence of ceria

nanoparticles and superoxide, we then tested the activity of ceria

nanoparticles in a classic SOD activity assay—competition with

cytochrome C for reduction by superoxide. Indeed, nanoparticle

preparation A efficiently competed with ferricytochrome C for

reduction by superoxide (Fig. 2B) in a concentration dependent

manner. Preparation B also displayed some SOD mimetic activity

as well, but this was far less efficient, as indicated by the poor

competition with ferricytochrome C (Fig. 2C). Addition of EDTA

at concentrations up to 5 mM did not alter the activity, confirming

that adventitious iron or other metal was not catalyzing the

activity (data not shown). The concentration of SOD in the

reaction shown in Figure 6A (1 unit addition) is 120 nM. Since this

is significantly higher than the particle concentration, this suggests

that each nanoceria molecule is a more efficient catalyst that SOD.

Using a comparative method for SOD kinetic analysis pre-

viously described21 and the known rate constant for reduction of

ferricytochrome C by superoxide at pH 7.2 (1.1 6 105 M21 s21),

we determined the catalytic rate constant for nanoceria pre-

paration A (with respect to the average nanoparticle) to be

Fig. 2 SOD mimetic activity of ceria nanoparticles assayed using

ferricytochrome C. Ferricytochrome C reduction was followed spectro-

photometrically by measuring the increase in absorbance at 550 nm. Two

thousand units of catalase were added to the reaction to efficiently remove

hydrogen peroxide and avoid side reactions with ferricytochrome C or

ceria nanoparticles. Ceria nanoparticle concentrations were determined by

calculating the average diameter of particles (using TEM, above Fig 1) in

the preparation, and conversion to particle concentration based on total

ceria in solution. A. CuZnSOD was added to a reaction where reduction

of ferricytochrome C was occurring at a rate of 0.025 per min (A550 nm).

One unit of CuZnSOD corresponds to an enzyme concentration of

120 nM. B. ceria nanoparticle preparation A was added at 15, 30, 45 and

60 nM concentrations. C. Ceria nanoparticles preparation B was added at

5, 15 and 25 nM concentrations. A representative experiment is shown

from at least six replicates (of each concentration of cerium nanoparticles)

where the resulting change in the slope of the line (compared to control)

varied by less than 20%.
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3.6 6 109 M21 s21. The most recent kinetic analysis of CuZn

SOD calculated a rate constant for SOD between 1.3 and 2.8 6
109 M21 s21, depending on the reaction conditions. Thus a single

ceria nanoparticle is more efficient as an SOD catalyst than the

authentic enzyme itself.

Nanoparticles have larger surface energy due to a large surface

to volume ratio, and this property makes them more reactive

compared to their bulk counterparts. Cerium oxide nanoparticles

form oxygen vacancies by giving out oxygen from their crystal

lattice. Previous studies have shown that size of ceria nanoparticles

negatively correlates with the ratio of Ce3+/Ce4+.11 Experiment

evidence presented here clearly demonstrate that ceria nanoparti-

cles with higher Ce3+/Ce4+ ratio catalyze SOD mimetic activity, yet

the molecular mechanism behind this catalysis is still unknown.

The SOD mimetic activity exhibited by the vacancy engineered

ceria nanoparticles is likely to be the mechanism of action for data

previously presented that showed protection of cells against ROS

or demonstrated a lifespan extension with treatment with ceria

nanoparticles.16–18

Although the ‘active site’ of the ceria nanoparticle has yet to be

firmly established, one can speculate on the reaction mechanism

based on that known for SOD. Similar to Fe and Mn-SOD it is

possible that the dismutation of superoxide by ceria nanoparticles

is catalyzed as follows:

O2
?2 + Ce4+ A O2 + Ce3+

O2
?2 + Ce3+ + 2H+ A H2O2 + Ce4+

Catalysis could occur at the same cerium atom (as in the case

with the metal-dependent SOD) or independently at different

oxygen vacancy sites. Future studies to determine the molar ratio

of products, and to elucidate the site of catalysis by the ceria

nanoparticles will shed light on this interesting questions raised by

the data presented in this report.
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