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a b s t r a c t

CeO2 nanoparticles are of particular interest as a novel antioxidant for scavenging free radicals. However,
some studies showed that they could cause cell damage or death by generating reactive oxygen species
(ROS). Up to now, it is not well understood about these paradoxical phenomena. Therefore, many at-
tentions have been paid to the factors that could affect the antioxidant activity of CeO2 nanoparticles.
CeO2 nanoparticles would inevitably encounter body fluid environment for its potential medical appli-
cation. In this work the antioxidant activity behavior of CeO2 nanoparticles is studied in simulated cel-
lular fluid, which contains main body anions (HPO4

2� , HCO3
� , Cl� and SO4

2�), by a method of elec-
trochemical DNA biosensor. We found that in the solution of Cl� and SO4

2� , CeO2 nanoparticles can
protect DNA from damage by hydroxyl radicals, while in the presence of HPO4

2� and HCO3
� , CeO2

nanoparticles lose the antioxidant activity. This can be explained by the cerium phosphate and cerium
carbonate formed on the surface of the nanoparticles, which interfere with the redox cycling between
Ce3þ and Ce4þ . These results not only add basic knowledge to the antioxidant activity of CeO2 nano-
particles under different situations, but also pave the way for practical applications of nanoceria.
Moreover, it also shows electrochemical DNA biosensor is an effective method to explore the antioxidant
activity of CeO2 nanoparticles.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Recently, CeO2 nanoparticles as an excellent antioxidant have
drawn more and more attentions because of their application in
medicine. It was found that CeO2 nanoparticles can protect se-
lectively cultured normal mammary epithelial cells after irradia-
tion, whereas have no positive effect on the tumor counterparts
(MCF7 cells) treated under identical conditions (Tarnuzzer et al.,
2005). CeO2 nanoparticles are also reported to play a role in
neuroprotection (Heckman et al., 2013; Schubert et al., 2006; Yu
et al., 2009), antiinflammation (Arya et al., 2013; Bakht et al., 2013;
Hirst et al., 2009), cardioprotection (Niu et al., 2007; Pagliari et al.,
2012) and retinaprotection (McGinnis et al., 1999; Rich et al., 2000)
in cells. However, other studies indicated that CeO2 nanoparticles
have biotoxicity by causing a series of adverse response through
oxidative stress (Auffan et al., 2009). It was reported that, nano-
ceria induced intracellular ROS and ROS dependent signals in
human bronchial epithelial cells (Beas2B) (Park et al., 2008). In-
haled cerium oxide nanoparticles were also believed to induce an
inflammatory in CD1 mice, resulting in necrosis, proteinosis, fi-
brosis and granulomas in the pulmonary tissue and tubular de-
generation giving rise to coagulative necrosis in kidneys (Aalapati
et al., 2014). Based on these paradoxical phenomena many works
have been done to study the factor that could affect the anti-
oxidant activity of CeO2 nanoparticles, which could also help to
understand the mechanism of antioxidant activity of CeO2 nano-
particles. The significant difference on the surface chemistry of
nanoceria and reaction media in relevant reports may account for
the paradoxical phenomena (Celardo et al., 2011; Karakoti et al.,
2010). To some extent, nanoceria with proper surface chemistry
can be obtained through controlling the processor and experiment
parameter (Chen et al., 2006; Korsvik et al., 2007; Niu et al., 2007;
Xue et al., 2011). It is found the concentration and size of CeO2

nanoparticles could affect the antioxidant activity to some extent
(Lee et al., 2013; Tsai et al., 2007; Xue et al., 2011). Recently, we
found the exposed crystal planes of CeO2 nanoparticles could also
affect its antioxidant activity (Zhang et al., 2014). However, all
those factors affected the antioxidant activity of CeO2 nano-
particles in a limited degree, and they were not the key factor for
the loss of antioxidant activity of CeO2 nanoparticles. It was found
that the antioxidant activity of the nanoparticles was susceptible
to external anions, and the influences depended on the anion type
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(Singh et al., 2011; Xue et al., 2012). PO4
3� could make CeO2 na-

noparticles lose antioxidant activity by forming cerium phosphate
on the particles’ surface. However, as mentioned before, CeO2

nanoparticles showed antioxidant effect in kinds of cells. In view
of many other molecules existing in cells, whether the anion ions
in body fluid could still interact with CeO2 nanoparticles should be
considered (Singh et al., 2011). But up to now, no work has been
done on whether CeO2 nanoparticles still possess the antioxidant
activity in body fluid environment.

Most research systems on the antioxidant activity of CeO2 na-
noparticles are based on different kinds of cell systems, which are
complicate and hard to control all the factors. In this report, the
simulated intracellular fluid and intercellular fluid were prepared,
which consisted of main anion HPO4

2� , HCO3
� , Cl� and SO4

2�

with corresponding concentration in vivo. Then, the behavior of
CeO2 nanoparticles in different simulated cellular fluid was stu-
died through a method of electrochemical DNA biosensor, the
method are simple and sensitive. The mechanism of the anions
affections on the antioxidant activity of CeO2 nanoparticles was
also explored. These results not only add basic knowledge to the
antioxidant activity of CeO2 nanoparticles under different situa-
tions, but also pave the way for practical applications of nanoceria.
2. Experimental section

2.1. Materials and reagents

Poly (dimethyldiallylammonium chloride) (PDDA), double-
stranded calf thymus DNA (ds-DNA), and tris(2,2’-bipyridyl)di-
chlororuthenium(II) hexahydrate (Ru(bpy)3Cl2 �6H2O) were pur-
chased from Sigma-Aldrich. Potassium chloride (KCl), potassium
dihydrogen phosphate(KH2PO4), dipotassium hydrogen phosphate
(K2HPO4), potassium sulfate (K2SO4), potassium hydrogen carbo-
nate(KHCO3), hydrogen peroxide (H2O2, 30%), hexamethylenete-
tramine (HMT), and cerium (III) nitrate hexahydrate (Ce
(NO3)3 �6H2O) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). All reagents were of analytical grade and
were used without further purification. Millipore Milli Q
(18 MΩ cm) water was used in all experiments.

2.2. Synthesis of the nanoparticles

Cerium oxide nanoparticles were prepared by reference to our
previous report (Xue et al., 2011). First, HMT (0.125 M) was added
to Ce (NO3)3 �6H2O solution (0.025 M) drop-wise with continuous
stirring. Thereafter, the mixed aqueous solution was transferred
into an autoclave (50 mL). Then, treat the solution at 100°C for 2 h
in a hydrothermal way. After the solution was cooled to room
temperature, cerium oxide powder was obtained by centrifuging.
At last, cerium oxide powder was washed with water and ethanol
followed by oven drying in vacuum.

The suspension of cerium oxide nanoparticles (10 mM) was
obtained through dispersing them in deionized water, which
needed to be sonicated prior to use.

2.3. Characterization of the nanoparticles

A transmission electron microscope (TEM) of FEI Tecnai G2 T20
was used to obtain the nanoparticles’ morphology and size. Dy-
namic light scattering (DLS) was performed by Zetasizer potential/
particle sizer NICOMP 380zls analyzer to measure the size dis-
tribution of the suspended CeO2 particles. X-ray diffraction ana-
lysis (XRD) was measured by using a Bruker D8 Advance X-ray
diffractometer. The corresponding operations and parameters
were the same as those described in our previous study (Xue et al.,
2011). The surface chemistry of the CNPs was studied by X-ray
photoelectron spectroscopy (XPS) with an ESCALAB 250 Xi system.
In this system, a base pressure of 1027 Torr and Al Ka X-ray ra-
diation of 150 W was selected. The binding energies were refer-
enced to the C 1s line at 284.8 eV from adventitious carbon.

2.4. The preparation of PDDA/DNA modified electrodes

SWV was measured using a CHI 440 electrochemical work-
station (CH Instruments, China) with a three-electrode system. The
system consists of a film-coated basal plane pyrolytic graphite (PG,
geometric area 0.13 cm2) disk as the working electrode, an Ag/AgCl
(saturated KCl) electrode as the reference and a Pt wire as the
counter electrode.

Prior to use, the PG working electrode was polished with
0.05 mm alumina powder and successively washed and sonicated
with water, ethanol and water. Thereafter, a drop of positively
charged PDDA solution (30 mL, 1 mg mL�1, containing 0.1 M NaCl)
was dropped onto the freshly polished electrode. After 20 min, the
electrode was washed with water and dried with nitrogen stream.
Subsequently, a drop of negatively charged DNA solution (30 mL,
1 mg mL�1, in pH 7.0 PBS containing 0.1 M NaCl) was dropped on
the surface of electrode for about 20 min. After washed and dried,
the PDDA/DNA modified working electrode was obtained (Zhou
and Rusling, 2001).

2.5. Square wave voltammetric (SWV) detection

Square wave voltammetry (SWV) is a form of linear potential
sweep voltammetry, in which the current at a working electrode is
measured while a regular square-wave potential was applied
(Mirceski et al., 2007). SWV has been widely used in the study of
DNA damage (Chen et al., 2006; Zhou and Rusling, 2001). In this
work SWV was used to investigate the DNA protection by cerium
oxide nanoparticles. SWV scans were measured in PBS (pH 7.0,
0.1 M) containing 0.1 M NaCl and 50 mM [Ru (bpy)3Cl2]. The para-
meters were as follows: frequency ¼15 Hz, amplitude¼25 mV,
and step¼4 mV. Each SWV scan was repeated three times or
more. All experiments were performed at 37 °C.

Firstly, the SWV scan of PDDA/DNA modified electrodes were
obtained in the electrochemical cell containing PBS (pH 7.0, 10 mL)
with 0.1 M NaCl and 50 mM ruthenium(II) tris(2,2’-bipyridyl) ([Ru
(bpy)3]2þ). Thereafter, the damage or protection processes were
carried out. For DNA damage, the PDDA/DNA modified electrodes
were incubated in injury solution with continuous stirring for
20 min. Then electrodes were washed with water and transferred
to the electrochemical cell for SWV detection. The damage solu-
tion were obtained as follows: H2O2 (1 mL) was add into water or a
series of solutions containing different anions (9 mL), and these
mixtures were stabilized for 10 min prior to use. All experiments
were performed at 37° C. For DNA protection, corresponding
mixtures were replaced by adding a suspension of CeO2 nano-
particles (50 mL, 10 mM) to the DNA damage solutions mentioned
above before the addition of H2O2. Other experimental operations
were the same as described in the section of DNA damage.

The simulated intracellular fluid contained 1 mM KCl, 10 mM
K2SO4, 10 mM KHCO3 and 50 mM K2HPO4/KH2PO4 (Jin et al.,
2006). The intercellular fluid comprised of 114 mM KCl, 0.5 mM
K2SO4, 30 mM KHCO3 and 1 mM K2HPO4/KH2PO4 (Jin et al., 2006).
3. Results and discussion

3.1. Characterization of CeO2 nanoparticles

The nanoparticles were synthesized by a hydrothermal method



Fig. 1. Characterization of CeO2 Nanoparticles. (A) TEM image. (B) TEM image of aggregation of CNPs. (C) XRD pattern. (D) XPS pattern. (E) DLS pattern.
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(Tok et al., 2007). The XRD pattern indicated that cerium oxide
formed due to the presence of the typical fluorite cubic structure
(JCPDS card: 34-0394) (Fig. 1C). Additionally, binding energy peaks
of both Ce3þ and Ce4þ were obtained from the XPS, suggesting
the presence of mixed valence states (Ce3þ and Ce4þ) on the
surface of synthesized nanoparticles (Fig. 1D), which also proved
the successful synthesis of the nanoceria. The presence of the
mixed valence state is vital to the antioxidant activity of CeO2

nanoparticles, because the antioxidant activity is derived from the
cycling between Ce3þ and Ce4þ on the surface of particles. Their
morphology and size were examined by TEM and DLS. The TEM
image shows that the size of the CeO2 nanoparticles was in the
range 5–10 nm (Fig. 1A) with a certain degree of aggregation, and
TEM studies indicated the size of the aggregates was about 70–
160 nm (Fig. 1B), while DLS indicated that the average size of ag-
gregates was 170 nm (Fig. 1E), which proved further the ag-
gregation of the CeO2 nanoparticles. It has been proved that the
aggregation in that degree has no effect on the antioxidant prop-
erties of the particles (Xue et al., 2011, 2012).
Fig. 2. SWV scans of PDDA/DNA films modified on a PG electrode in pH 7.0 PBS of [R
simulated intercellular fluid (B): (a) without other agents, (b) with H2O2, and (c) with C
3.2. The electrochemical behavior of CeO2 nanoparticles in multiple
anions solutions

It is believed that antioxidant activity of CeO2 nanoparticles
was affected by external anions (Singh et al., 2011; Xue et al.,
2012). As significant part of internal environment, four main an-
ions exist in intracellular fluid and intercellular fluid. Moreover,
the concentrations of these four anions varied considerably be-
tween intracellular fluid and intercellular fluid. Therefore, simu-
lated intracellular fluid and intercellular fluid were prepared with
different concentrations of anions, which were used for the study
of the antioxidant activity of CeO2 nanoparticles.

An electrochemical DNA biosensor was used to study the be-
havior of CeO2 nanoparticles in simulated intracellular fluid and
intercellular fluid in this work. The DNA biosensor was obtained by
modifying ds-DNA on an electrode with a layer-by-layer assembly
method, and then transferred to a solution of [Ru(bpy)3]2þ for
SWV scan. [Ru(bpy)3]2þ could be recycled on an electrode with a
catalytic current forming, as a result of being reduced from [Ru
(bpy)3]3þ by guanine bases in DNA (Johnston et al., 1995; Thorp,
u (bpy)3]2þ (50 mM): incubated for 20 min in simulated intracellular fluid (A) or
eO2/H2O2.
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1998). The more guanine bases accessible to [Ru (bpy)3]2þ , the
bigger the current enhanced (Rusling, 2004). In this system, H2O2

was used as hydroxyl radical ( �OH) generator, which could result
in the damage of DNA double-helix structure. Then there should
be more guanines were exposed, thus the electric current should
increase. If CeO2 could scavenge free radical, there would be less
guanine exposed, and then the electro-current would decrease.

Fig. 2A shows the SWV behavior of PDDA/DNA modified elec-
trode in pH 7.0 PBS of [Ru (bpy)3]2þ after incubated in simulated
intracellular fluid at different conditions. An obvious peak could be
observed in the curve a, which attributed to the electrocatalytic
oxidation of [Ru(bpy)3]2þ by accessible guanine bases in DNA.
After DNA was incubated in the simulated intracellular fluid so-
lution, in which H2O2 was added beforehand, the SWV signal in-
creased remarkably compared with the value of curve a (curve b).
That means more guanines were exposed and available to Ru
(bpy)32þ , resulting from the destruction of the double-helix
structure of DNA. That is to say, the presence of multiple anions
had no effect on the damage of DNA by H2O2. After the addition of
CeO2 nanoparticles the electrochemical signal is about the same
with the absence of CeO2 nanoparticles (curve c), suggesting CeO2

nanoparticles did not protect DNA by scavenging free radical in
simulated intracellular fluid solution. That is to say, the existence
of multiple anions may affect the antioxidant activity of CeO2

nanoparticles in simulated intracellular fluid. To further evaluate
the effect of multiple anions on the antioxidant activity of CeO2

nanoparticles, the behavior of CeO2 was also studied in simulated
intercellular fluid. Similarly, the addition of CeO2 nanoparticles
also did not bring an obvious decrease in the SWV signals (Fig. 2B),
suggesting that CeO2 nanoparticles could not protect DNA from
damage by eliminating free radicals in simulated intercellular
fluid, either. That is to say, multiple anions had an influence on the
antioxidant activity of CeO2 nanoparticles.

Then, the reason for the loss of antioxidant activity of CeO2

nanoparticles in multiple anions was studied. The composition of
the multiple anions solutions is relatively simple, HPO4

2� , HCO3
� ,

Cl� and SO4
2� . As was found, 0.1 M Cl� or SO4

2� did not affect the
antioxidant activity of CeO2 nanoparticles while 0.1 M PO4

3�

caused the loss of the antioxidant activity of CeO2 nanoparticles in
our previous study (Xue et al., 2012). Additionally, it was reported
that a concentration of 0.1 mM or above PO4

3- caused a shift in
redox state of CeO2 nanoparticles (Singh et al., 2011). However, the
concentration of PO4

3� is 1 mM in stimulated intercellular fluid,
and reaches to 50 mM in stimulated intracellular fluid. Thus, we
considered that maybe PO4

3� with the physiological concentra-
tions still had effect on the antioxidant activity of CeO2 nano-
particles. Therefore, the antioxidant activity of CeO2 nanoparticles
Fig. 3. SWV scans of PDDA/DNA films modified on a PG electrode in pH 7.0 PBS of [Ru
HPO4

2� (A) or simulated intercellular fluid without HPO4
2� (B): (a) without other agen
was studied further in the multiple anions solutions without
HPO4

2� (Fig. 3). After DNA was treated with H2O2/simulated in-
tracellular fluid or H2O2/simulated intercellular fluid without
HPO4

2� , the SWV peak current value became larger (curve b) than
that of intact DNA (curve a) in both cases, suggesting DNAwas also
damaged in both cases. However, through comparing curves b
with c, the addition of CeO2 nanoparticles just resulted in a little
decrease in the SWV signals in the both systems of multiple anions
solutions without HPO4

2� . Then it is concluded that except PO4
3� ,

there should be other factors affecting the antioxidant activity of
CeO2 nanoparticles. As pointed out previously,

0.1 M Cl� and SO4
2� did not affect the antioxidant activity of

CeO2 nanoparticles (Xue et al., 2012). Moreover, in simulated in-
tracellular fluid and simulated intercellular fluid, the higher con-
centration of Cl� used was 114 mM, a little more than 0.1 M and
the higher concentration of SO4

2- used was 10 mM far lower than
0.1 M. Therefore, we speculated both Cl� and SO4

2� used in this
work should have no effect on the antioxidant activity of CeO2

nanoparticles. Thus, it considered that HCO3
� may have a passive

effect on the antioxidant activity of CeO2 nanoparticles. To assure
this, the antioxidant activity of CeO2 nanoparticles was studied in
the reaction mixtures solution only containing Cl� and SO4

2� . As
shown in Fig. 4, when DNA was treated with H2O2/simulated in-
tracellular fluid or H2O2/simulated intercellular fluid only con-
taining Cl� and SO4

2� , the SWV peak current became larger
(curve b) than that of intact DNA (curve a) in both cases, which
indicates that the DNAwas also damaged under these two reaction
systems. However, the addition of CeO2 nanoparticles led to ob-
vious decreases in the SWV signal in both solutions by comparing
curves b and c, which suggest that the CeO2 nanoparticles could
eliminate free radicals and reveal their protective effect on DNA in
both simulated cellular fluid only containing Cl� and SO4

2� .
From the results above, it could be basically concluded that the

existence of Cl� and SO4
2� did not affect the antioxidant activity

of CeO2 nanoparticles, while the existence of HCO3
� also caused

the loss of antioxidant activity of CeO2 nanoparticles in the si-
mulated cellular fluid. To clarify the effect of HCO3

� and HPO4
2�

further, the antioxidant activity of CeO2 nanoparticles was studied
directly in the 1 mM PBS solution or 10 mM KHCO3 solution (a
lower concentration was selected between simulated intracellular
fluid and simulated intercellular fluid), respectively. As show in
Fig. 5, when DNA was treated with H2O2/1 mM PBS solution or
H2O2/10 mM KHCO3 solution, the SWV peak current became larger
(curve b) than that of intact DNA (curve a) in both cases, which
means that the DNA was also damaged in 1 mM PBS solution or
10 mM KHCO3 solution. No obvious decreases of the SWV signal
were found with the addition of CeO2 nanoparticles in both
(bpy)3]2þ (50 mM): incubated for 20 min in simulated intracellular fluid without
ts, (b) with H2O2, and (c) with CeO2/H2O2.



Fig. 4. SWV scans of PDDA/DNA films modified on a PG electrode in pH 7.0 PBS of [Ru (bpy)3]2þ (50 mM): incubated for 20 min in simulated intracellular fluid (A) or
simulated intercellular fluid (B) only containing Cl� and SO4

2�: (a) without other agents, (b) with H2O2, and (c) with CeO2/H2O2.
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solutions by comparing curves b and c, which suggested CeO2

nanoparticles had no protection effect on DNA damage in 1 mM
PBS solution (Fig. 5A) or 10 mM KHCO3 solution (Fig. 5B). Up to
now, it is clear that both HPO4

2� and HCO3
� affected the anti-

oxidant activity of CeO2 nanoparticles in the simulated in-
tracellular fluid and simulated intercellular fluid. To show more
clearly, all the results have been given in the form of bar diagrams
with error bars in the supplementary file (Figs. S1–S4).

3.3. Mechanism of different anions’ affection on antioxidant activity
of CeO2 nanoparticles

From the results above, it was found that main anions in in-
tracellular fluid and intercellular fluid had different effects on the
antioxidant activity of CeO2 nanoparticles. Cl� or SO4

2� have no
affected the antioxidant activity of CeO2 nanoparticles while
HPO4

2� and HCO3
- made CeO2 nanoparticles lose its antioxidant

activity. As well know, the antioxidant activity of CeO2 nano-
particles is derived from the redox cycling between Ce3þ and Ce4þ

on the surface of CeO2 nanoparticles (Chen et al., 2006; Das et al.,
2007; Hirst et al., 2009; Tsunekawa et al., 1999). Meantime, it was
surmised that specific anions may interrupt the redox cycling by
interacting with cerium ion on the surface of CeO2 nanoparticles
(Singh et al., 2011; Xue et al., 2012), resulting the loss of anti-
oxidant activity of CeO2 nanoparticles. In this work, maybe the
redox cycling was broken by phosphate group and carbonate
group interacting with cerium ion on the surface of CeO2 nano-
particles. To make it clear, the CeO2 nanoparticles treated with
simulated intracellular fluid or intercellular fluid was analyzed by
XPS, respectively. Prior to use, the CeO2 nanoparticles was washed
Fig. 5. SWV scans of PDDA/DNA films modified on a PG electrode in pH 7.0 PBS of [Ru (
solution (B): (a) without other agents, (b) with H2O2, and (c) with CeO2/H2O2.
adequately to avoid the simple adsorption of anions on the na-
noparticles’ surface. However, in spectrum of CeO2 treated with
simulated intracellular fluid, an obvious binding energy peak ap-
peared at 132.7 eV which was absent in the spectrum of CeO2

without treated. The binding energy peak should be assigned to
“P” 2p core level (Pelavin et al., 1970). Moreover, compared with
the binding energy peak value of 132.1 eV of “P” 2p core level
spectrum of phosphate buffer (Fig. 6C, upper), 0.6 eV shift toward
higher binding energy, which should be assigned to the interaction
of PO4

3� with cerium ions on the surface of CeO2 nanoparticles
(Singh et al., 2011). Therefore, it is suggested the whole mechan-
ism was probably as follows in this work: in both simulated in-
tracellular fluid and simulated intercellular fluid only containing
Cl- and SO4

2-, the redox cycle between Ce3þ and Ce4þ on the
surface of CeO2 nanoparticles went on well. Ce3þ ions were con-
verted into Ce4þ by reacting with free radical, and then Ce3þ ions
were regenerated for reduction of Ce4þ on the surface of the na-
noparticles (Perez et al., 2008; Xue et al., 2012). Thus, CeO2 na-
noparticles can eliminate the free radicals continually and show
good antioxidant activity. However, when encountering with
phosphate group, cerium ions on the surface of CeO2 nanoparticles
would form cerium phosphate, and the formantion of cerium
phosphate would interrupt the redox cycling between Ce3þ and
Ce4þ(Singh et al., 2011; Xue et al., 2012). As a result, CeO2 nano-
particles lose the ability of scavenging free radicals, and could not
protect DNA from oxidation any more in the solutions containing
HPO4

2� .
Meantime, an obvious binding energy peak appeared at

288.7 eV in spectrum of CeO2 treated with simulated intracellular
fluid (Fig. 6D, down). It should be assigned to the characteristic
bpy)3]2þ (50 mM): incubated for 20 min in 1 mM PBS solution (A) or 10 mM KHCO3



Fig. 6. Different parts of XPS spectra of CeO2 nanoparticles treated with simulated intracellular fluid, which belong to the range of binding energy peak of Cl element (A), S
element (B), P element (C), C element (D).
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absorption peak of C in carbonate. In addition, 0.73 eV shift toward
lower binding energy compared to C spectra obtained from po-
tassium bicarbonate alone (Fig. 6) (Gelius et al., 1971), suggesting
that there is also interaction between carbonate and cerium ions
on the surface of CeO2 nanoparticles. Hence, it is think that car-
bonate group affected the antioxidant activity of CeO2 nano-
particles as same as phosphate group.

Additionally, it should be noted that, no obvious peak was
found from 192 eV to 204 eV (Tsubouchi et al., 2013), indicating
that there was no chlorine element on the surface of CeO2 nano-
particles (Fig. 6A). Similarly, we did not find obvious peak in the
range of 157–175 eV (Fig. 6B), suggesting that no sulfur element
existed on the surface of CeO2 nanoparticles, either (Fantauzzi
et al., 2014). These results suggest that Cl� and SO4

2� did not
interact with cerium ions on the surface of CeO2 nanoparticles as
phosphate group and carbonate group did. Therefore, the redox
cycling between Ce3þ and Ce4þ took place unhindered on the
surface of CeO2 nanoparticles. It should be the reason why CeO2

nanoparticles revealed good antioxidant activity in the multiple
anions solutions only containing Cl� and SO4

2� . The same phe-
nomena were found in the spectrum of CeO2 treated with simu-
lated intercellular fluid (Fig. S5), which verified the result further.
4. Conclusion

In this work, the antioxidant activity of CeO2 nanoparticles was
evaluated in simulated intracellular fluid or simulated intercellular
fluid with an electrochemical DNA biosensor. The presence of
HPO4

2� and HCO3
� caused the loss of antioxidant activity of CeO2

nanoparticles in both systems by forming the cerium salt on the
surface of nanoparticles. These results not only add basic knowl-
edge to the antioxidant activity of CeO2 nanoparticles under dif-
ferent situations, but also pave the way for practical applications of
nanoceria. However, it is worth noting that CeO2 nanoparticles
revealed antioxidant activity in many kinds of cells (Chen et al.,
2006; Colon et al., 2009; D’Angelo et al., 2009; Das et al., 2007;
Karakoti et al., 2009; Perez et al., 2008; Schubert et al., 2006;
Tarnuzzer et al., 2005; Xia et al., 2008), in which HPO4

2� and
HCO3

� group must exist. Therefore, it need more study to clarify
the paradoxical phenomena for a better use of antioxidant activity
of CeO2 nanoparticles. Then electrochemical DNA biosensor is an
effective method to explore the antioxidant activity of CeO2 na-
noparticles, which would also widen the application scope of this
DNA electrochemical biosensor.
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