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Abstract Cerium oxide (CeO,) nanoparticles have been
demonstrated as a potential free-radical scavenger. In the
present work, gold (Au) nanoparticles were impregnated by
deposition precipitation method on the surface of the com-
bustion synthesized 13-nm CeO, nanoparticles in order to
enhance the free-radical scavenging properties of Au-sup-
ported CeO, nanoparticles (Au/CeO,). Raman spectro-
scopic calculation for CeO, and Au/CeO, showed an
oxygen vacancy concentration of 1.22 x 10*" and 0.80 x
10" cm ™, respectively. The dose- and time-dependent free-
radical quenching efficacy of CeO, and Au/CeO, nanopar-
ticles was evaluated against hydroxyl, superoxide and nitric
oxide using in vitro method. CeO, and Au/CeO, nanopar-
ticles exhibited efficient scavenging of hydroxyl and
superoxide radicals, but the activity was found to be low
against nitric oxide radicals. Both the nanoparticles exhib-
ited a concentration-dependent free-radical scavenging in
the range of 0.01-0.0001 UM and showed a saturation
behaviour above 0.1 uM. Nanoparticle solution aged for 1,
7, 14 and 28 days displayed a lower superoxide and
hydroxyl radicals scavenging activity compared to freshly
prepared nanoparticle solution while nitric oxide exhibited
the opposite behaviour. In comparison, Au/CeO, showed
better radical scavenging activity at lower concentrations
than that of CeO,. The observed radical scavenging property
can be attributed to the agglomeration as well as changes
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in surface oxygen vacancy concentration which are impor-
tant in designing therapeutic agent for oxidative stress
complications.

Introduction

Free radicals are atoms, molecules or ions having unpaired
electrons, which are present in physiological systems and
participate in many important metabolic processes includ-
ing cell signalling. Since free radicals are highly reactive
and less stable, they tend to react with other cellular
components resulting in cell injury and premature cell
death. Free radicals are classified into reactive oxygen
species (ROS) and reactive nitrogen species (RNS). ROS
includes hydrogen peroxide (H,O,), superoxide (O, ) and
hydroxyl (OH") which are derivatives of molecular oxygen
(O,). Although nitric oxide (NO’) plays an important role
in physiology and regulation, it may lead to the formation
of peroxy nitrite (ONOO™) which is an important RNS
[1-3]. The imbalance between the above-mentioned radi-
cal’s generation and elimination may lead to various health
issues including cancer [4]. Cerium oxide (CeO,) nano-
particles exhibit unique redox property due to the existence
of cerium in +3 and +4 oxidation states. Also CeO,
switches between Ce®" and Ce** in a reversible manner in
response to the external reaction conditions. Due to the
modifications in oxidation state of CeO,, oxygen vacancies
or defects are generated in the lattice structure by the loss
of oxygen and/or its electrons to compensate the charges
[5]. When Ce*" reduces to Ce*", oxygen vacancies are
generated that can be represented by the following Kroger—
Vink notation,

! 1
O} +2Ce}, < V, +2Cec, +50, (1)
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where O} is a neutral oxygen on an oxygen lattice site and
Ceg, is a neutral cerium on a neutral cerium site, V, is a +2

oxygen vacancy and Ce/Ce isaCe’" atomina Ce*" site giving
it a net negative charge of —1. Defect structure of CeO, is
dynamic and may change in response to size and external
parameters such as oxidizing or reducing environment,
thereby acting as an oxygen buffer to either store or supply
oxygen. The fraction of oxygen vacancy and Ce®" concen-
tration increases when the particle size is less than 15 nm [6].
This phenomenon observed at the nanoscale has been utilized
in many areas of applications including biology [7-11],
energy [12] and catalysis [13]. Applications of CeO, nano-
particles in the field of nanomedicine have been demonstrated
based on its ability to scavenge free radicals as well as for its
biocompatibility [14, 15]. CeO, nanoparticles have been
reported to exhibit protection against radiation induced dam-
age through its antioxidant property [4, 7, 8]. Though differ-
ent-sized/surface functionalized CeO, nanoparticles have
been prepared by various methods and tested its free-radical
quenching property against individual free-radical compound,
it is important to study the effectiveness of the same-sized
nanoparticles against various free radicals in order to realize
the multi-radical environment in the physiological conditions.

Gold (Au) nanoparticles have been applied in various
fields, for example, medicine [16, 17], catalysis [18, 19],
radical scavenging [20], etc. The unique property of Auis its
biocompatibility and size/shape-dependent optical property
which is used for its targeted therapy. Further, many reports
are available on the efficiency of CeO, nanoparticles for
radical scavenging, however, not much investigation have
been made on the combined Au and CeO, system [14, 15,
21]. Recently, Menchon et al. reported the effect of bio-
compatible Au-supported CeO, nanoparticles exhibiting
antioxidant activity against hydrogen peroxide [22]. The
antioxidant effect of Au-supported CeO, nanoparticles
against harmful radicals such as hydroxyl, superoxide and
nitric oxide needs to be investigated to explore the possi-
bilities of these nanoparticles as therapeutic compound
against oxidative stress-mediated injury. The present work
focuses on the formulation of Au-supported CeO, nano-
particles and tested its hydroxyl, superoxide and nitric oxide
radical scavenging capabilities through standard assays.
Further concentration and influence of nanoparticles ageing
on free-radical scavenging property were also investigated.

Experimental
Materials

Cerium nitrate hexahydrate (Sigma-Aldrich, 99.9 %), gly-
cine (Fisher Scientific), hydrochloro auric acid (Loba

Chemicals) and sodium borohydride (Sigma Aldrich) were
used for the synthesis of both cerium oxide and gold-
impregnated cerium oxide nanoparticles. For radical
scavenging assay preparation, ferric chloride, 2-deoxy-2-
ribose, Ethylenediaminetetraacetic acid (EDTA), hydrogen
peroxide (H,O,), Trichloroacetic acid (TCA), Thiobarbi-
turic acid (TBA), ascorbic acid, phenazine methosulfate
(PMS), nitro blue tetrazolium (NBT), nicotinamide adenine
dinucleotide (NADH) and sodium nitro prusside, Griess
reagent was purchased from Himedia. Catechin (Sigma-
Aldrich) is used as a standard.

Method
Synthesis of CeO, nanoparticles

CeO, nanoparticles were synthesized by simple chemical
combustion method using glycine as a fuel. Cerium nitrate
and glycine (molar ratio of cerium nitrate to glycine 1:1.2)
dissolved in the double-distilled water was stirred together
until the formation of clear solution. The solution was kept
in a hot plate and evaporated to form the dry powder.
Subsequently, the mixture was heated at 300 °C to initiate
the ignition of fuel and oxidizer leading to the combustion
reaction. The resultant powder was centrifuged and washed
with double-distilled water for three times to remove
unreacted nitrate and glycine and dried in an oven over-
night to obtain CeO, nanoparticles.

Gold-supported CeO, nanoparticles

Au-supported CeO, nanoparticles (Au/CeO,) were syn-
thesized by simple deposition precipitation method. CeO,
nanoparticles dispersed in water were added drop wise with
stirring into HAuCl, solution and subsequently dried at
100 °C. The resultant powder was then redispersed in
distilled water and the required amount of NaBH, was
added drop wise until the reduction of gold salt to gold
nanoparticles. The solution was centrifuged, washed with
double distilled water and dried in hot air oven overnight.
The stoichiometry of Au to CeO, was maintained in such a
manner in order to obtain 3.5 weight percentage of Au over
CeOQ.

Characterization

X ray diffraction (XRD) studies were performed using
Rigaku Ultima IV diffractometer using Cu K, radiation
with a scan rate of 4° per min for CeO, and Au/CeO, in the
range of 25-50°. Surface morphological and elemental
analysis of the nanoparticle was performed using with Carl
Zeiss Supra 40 Field Emission Scanning Electron Micro-
scope (FESEM) operated at 20 kV. Optical analysis was
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carried out using Perkin Elmer Lambda 650S UV Visible
Spectrometer. Raman spectra were recorded using Rein-
shaw Laser confocal Raman Microscope RM 2000 with
spectrometer. The sample was excited using a 514 nm Ar™
laser with a power of 0.5 % exposed for 30 s with the beam
diameter of 1 um on the sample and data collected at an
interval of 1 cm™". Particle size distribution of nanoparti-
cles of fresh and 28-day-aged samples (0.1 mM) were
carried out using Malvern Zetasizer.

Hydroxyl radical scavenging assay

Hydroxyl radical scavenging property of nanoparticle was
analysed by Halliwell et al. [23]. The assay is based on
quantification of the degradation product of 2-deoxyribose
by condensation with TBA. Hydroxyl radical was gener-
ated by Fenton reaction (The reaction mixture consists of
FeCls, ascorbate, EDTA and H,0,). The final reaction
volume of 1 ml contains 2.8 mM 2-deoxy-2-ribose,
20 mM pH 7.4 KH,PO,~KOH buffer, 100 pM FeCls,
100 uM EDTA, 1.0 mM H,0,, 100 uM ascorbic acid with
varying concentrations of nanoparticles. From the nano-
particle, stock solutions of 1000 uM various dilutions were
made to obtain the final concentration of 0.0001, 0.001,
0.01, 0.1, 1, 10 and 100 pM. The reaction mixture was
incubated for 1 h at 37 °C. 1 ml of 2.8 % TCA was added
to arrest the reaction. Chromogenic adduct was formed by
adding 1 ml of 1 % aqueous TBA and incubated at 90 °C
for 15 min. The intensity of chromogen was measured at
532 nm against an appropriate blank solution. Catechin
(10 ptM) was used as a positive control.

Hydroxyl radicals have been generated by iron-EDTA
complex with H,O, in the presence of ascorbic acid.OH
radicals generated by the above reaction decomposes
deoxyribose. The prevention of deoxyribose degradation
determines the hydroxyl scavenging property. The scav-
enging (% inhibition) of "OH by nanoparticles was calcu-
lated based on the formula given in Eq. (2).

Aconlrol - Alesl £ 100 (2)

control

% Inhibition =

where Aconror 18 the activity in the absence of nanoparticle
and A is the activity in the presence of nanoparticle.

Superoxide radical scavenging assay

Superoxide radical assay was performed by following
Nishikimi et al. [24]. The reaction mixture contains 1 ml of
156 mM NBT, 1 ml of 468 mM NADH and 1 ml of cor-
responding nanoparticles. The reaction was started by
adding 100 pl of 60 mM PMS. NBT, NADH and PMS
solution were prepared using phosphate buffer (pH 7.4).
The reaction mixture was incubated at 25 °C for 15 min
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and the absorbance was measured at 560 nm against blank
sample. Catechin was used as a positive control. The
scavenging (inhibition) of superoxide free radicals by
nanoparticles was calculated according to Eq. (2).

Assay of nitric oxide radical quenching activity

The nitric oxide radical quenching activity was evaluated
as per the procedure reported by Sousa et al. [25]. Nitric
oxide radicals were generated using of 20 mM sodium
nitro prusside solution. To 100 pl of this solution, various
concentration of nanoparticles were added and incubated
for 60 min at room temperature. 100 pl of Griess reagent
were added subsequently to the mixture and incubated for
15 min. Catechin was used as a positive control. The
inhibition of free radicals by nanoparticles was evaluated
by Eq. (2).

Results and discussion
X-ray diffraction

The XRD pattern for CeO, and Au/CeO, is shown in
Fig. 1. XRD data confirm the presence of cubic fluorite-
structured CeO, consisting of (111), (200), (220) planes
with the space group of Fm3 m (ICDD Card Number:
01-073-6318). When Au was impregnated on the surface of
CeO,, new peaks at 20 values of 38.08, 44.32° emerged
which corresponds to (111), (200) planes of cubic Au
(ICDD Card Number: 03-065-2870). The mean crystallite
size of CeO, calculated using Scherrer’s equation was
found to be 13 nm. Calculation of Au nanoparticle size was

T Au/CeQO,
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Fig. 1 X ray diffraction pattern of CeO, and Au/CeO, nanoparticles.
(“filled square” denotes presence of Au peak)
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found to be difficult due to low intensity of the XRD peaks.
A similar observation of difficulty in detecting less than
4-nm-sized Au nanoparticle in XRD was reported by A-
boukais et al. for Au/CeO, system deposited through
deposition—precipitation method [26]. The calculated lat-
tice parameter was found to be 0.5392 nm for the as pre-
pared CeO, nanoparticle which is smaller than the bulk
CeO, value (0.541 nm). The observed decrease in lattice
parameter can be attributed to the experimental conditions
as well as the nature of fuel used for the synthesis [27].

Scanning electron microscopy

Surface morphology of CeO, and Au/CeO, is shown in
Fig. 2a, b and the corresponding EDX data in ¢ and d,
respectively. A porous network structure was observed for
CeO, (Fig. 2a) due to the inherent nature of combustion
process. Upon ignition, combustion process takes place
which results in the generation of large volume of gases.
The escape of generated gas during the combustion reac-
tion, a porous network of nanostructure was obtained.

Ce

Intensity (a.u)
Q)
[0}

Ce
Ce Ce

I T T T T

0 1 2 3 4 5 6 7
Energy (keV)

Intensity (a.u)

Finely dispersed and few agglomerated bright spherical
spots on the surface of CeO, nanoparticle were observed
for Au/CeO, (Fig. 2b). Absence of these bright spots in the
pure CeO, (Fig. 2a) indicates the presence of finely dis-
persed Au nanoparticle in Au/CeO,. Since intensity of
scattered electron is proportional to atomic number of the
elements, Au appears brighter than Ce due to difference in
atomic number. Figure 2c, d shows the EDS spectra of the
samples CeO, and Au/CeO, which confirms the presence
of gold in the later. EDS quantification of Au indicates the
presence of 3.2 wt% of Au instead of the theoretical
amount of 3.5 wt% due to the loss of weakly adsorbed Au
during the washing of the sample.

UV visible spectroscopy

Optical absorption spectra of CeO, and Au/CeO, is shown
in Fig. 3a, b, respectively. CeO, has an absorption band
around 360 nm which can be attributed to the Ce** — 0?~
charge transfer transitions [28]. In addition, for Au/CeO,
nanoparticles, a new broad absorption band around

Ce

Ce Au

Au

Au Ce Ce

0 1 2 3 4 5 6 7
Energy (keV)

Fig. 2 SEM image of CeO, and Au/CeO, nanoparticles (a and b) and their corresponding EDS spectra (¢ and d)
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Fig. 3 UV Visible spectra of (@) CeO, and (b) Au/CeO, powders

500-650 nm with a maxima around 557 nm was observed.
This new band upon Au coating on CeO, appears as a
result of localized surface plasmon resonance (LSPR).
When the incident photon frequency matches with the
frequency of oscillation of surface electrons from Au
nanoparticles LSPR appears [29]. The broadness of LSPR
peak may be attributed to the size distribution of Au par-
ticles in Au/CeO,. Based on the LSPR peak position,
estimated gold size on CeO, surface may be less than 5 nm
as reproted by Wei et al. [30].

Raman spectroscopy

Raman spectra recorded for CeO, and Au/CeO, powders
are shown in Fig. 4. A symmetric peak around 464 cm ™" is
generally observed in micron-sized CeO, which corre-
sponds to Raman active vibrational mode of F2 g sym-
metric cubic fluorite structured CeO, [31]. In the present
case, a broad asymmetric peak at a lower energy of
457 cm™' was observed due to the presence of CeO, in the
form of nanoparticles [32, 33]. In addition, a band around
595 cm™ ' was observed due to the presence of Frenkel-type
oxygen vacancies [32]. Upon impregnation of Au on the
surface of CeQO,, the oxygen vacancy peak around
595 cm ™! diminishes due to the growth of Au nanoparticle
on the vacancy sites of CeO, [34]. Spatial correlation model
was used to quantify the oxygen vacancy concentration
from Raman spectra [35-37] and was found to be
1.22 x 10*' and 0.80 x 10*' cm™ for CeO, and Au/CeOs,
respectively. The presence of lower oxygen vacancy con-
centration in the case of Au/CeO, can be attributed to the
interaction of Au atom with the vibration frequency of Ce—
O matching with the observed surface morphology in SEM.

@ Springer
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Fig. 4 Raman spectra of CeO, and Au/CeO, powders

Effect of nanoparticle concentration on free-radical
scavenging activity

Hydroxyl, superoxide, and nitric oxide radical scavenging
property at the concentrations of 0.0001,0.001, 0.1, 1, 10 and
100 puM for CeO, and Au/CeO, nanoparticles are shown in
Fig. 5 a—f. The percent inhibition of free-radical formation
increases with increasing nanoparticle concentration (0.0001
to 0.1 pM) which was found to be independent of the nature
of radical being investigated. Above the critical concentra-
tion of 0.1 pM (found in the presents study), the percent
inhibition was found to be in steady state for all the radicals.
Xue et al. [7] studied the effect of hydroxyl radical scav-
enging with respect to CeO, concentration (0.1 to 0.001 uM)
and found that scavenging efficiency depends on the con-
centration of nanoparticles. For hydroxyl radical scavenging
in the presence of CeO, nanoparticles, inhibition increased
from 0.6 % (0.0001 pM) to 11.2 % (0.1 uM). The percent
inhibition was around 60 % at 1 pM and found to be better
than the control (51 %) used in the present study. A similar
trend was observed for Au/CeO, nanoparticles in hydroxyl
radical scavenging exceptat 0.1 uM (15.4 %) concentration.
For superoxide radical scavenging, inhibition increases from
0.2 % (0.0001 uM) to 10.1 % (0.1 pM) and saturated at
about 47 % (from 1 pM onwards) which was found to be
lower when compared to control (65 %). Compared to CeO,,
Au/CeO, nanoparticles showed a higher percentage of
inhibition at lower concentrations (4.6 % at 0.001 pM and
15.7 % at 0.1 pM) compared to CeO, of similar concentra-
tion. In the case of nitric oxide both CeO, and Au/CeO,
nanoparticles exhibited a similar trend where the percentage
of inhibition increased from 0.2 % (0.0001 uM) to
7.5 % (0.1 pM) and saturated at about 32 % at higher
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Fig. 5 Concentration-dependent a, b hydroxyl, ¢, d superoxide, and
nanoparticles, respectively

concentrations indicating the lower activity compared to
control (48 %). In comparison with control, both CeO, and
Au/CeO, nanoparticles exhibited better inhibition property
against hydroxyl radical while lower property in the presence
of superoxide and lowest property against nitric oxide
radicals.

The scavenging effect is due to the inherent property of
CeO, where its oxidation state shifts between +3 and +4.
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e, f nitric oxide radical scavenging effect of CeO, and Au/CeO,

On the formation of Ce", oxygen vacancies are generated
which act as active sites for the reaction with radicals. In
the case of hydroxyl radical scavenging, it has been
reported that CeO, active sites react only with ‘OH and not
with H,O, which was used to generate these radicals [7].
Since the concentration of CeO, nanoparticle used was
much lower than that of H,O, (1 mM) to generate "‘OH,
obviously the oxidation state (Ce*") and hence oxygen
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vacancies were regenerated by the surface chemical reac-
tion with ions such as H" present in the solution. The
possible mechanism for hydroxyl radical scavenging can
be represented as

Ce,03 +20OH — 2CeO, + H,O (3)
2Ce0; + H (aq) — Ce,05 + 150, (4)

As shown by Raman studies, CeO, and Au/CeO, differ
in the concentration of oxygen vacancy though the same
CeO, was used as the starting material for the formation of
Au/CeO,. Though Au/CeO, had 34 % lower oxygen
vacancy concentration than that of CeO,, it exhibited
higher dose-dependent activity at lower concentration and
inhibition activity equivalent to that of CeO, at higher
concentrations. On account of the lower surface defect
concentration, Au/CeO, was expected to show lower
activity than that of CeO, which was contrary to the
observed experimental trend. The radical scavenging
activity may depend not only on the oxygen vacancy
concentration of CeO, but also on the surface charge of Au.
DFT calculation reported for Au/CeO, system indicates
that the presence of Au as Au®" on the surface of CeO,
converts Ce*™ to Ce®™ [38] leading to an increase in the
concentration of Ce®™ and oxygen vacancy. Since in the
present work Raman study shows a lower oxygen vacancy
concentration for Au/CeO, compared to CeO,, Au is likely
to be present predominantly in the form of Au® rather than
Au®" as it would have increased the oxygen vacancy
concentration. Above the critical concentration of 0.1 puM,
Au has limited role to play and the concentration of oxygen
vacancy in CeO, was sufficient enough to inhibit the
radicals.

Figure 5c, d shows superoxide radical scavenging
property of CeO, and Au/CeO,, respectively. Up to 0.1 uM
both CeO, and Au/CeO, exhibited concentration-depen-
dent activity and exhibit a saturated behaviour above
0.1 pm. Korsvik et al. [39] showed that the presence of
higher oxygen vacancy concentration is essential for the
efficient degradation of superoxide. Since the concentration
of nanoparticle is far lower than the concentration of
superoxide generated, a single nanoparticle is efficient in
degradation and gets regenerated as shown below:

2Cey03 + 205, — 4CeO; + O, (5)
4Ce0, + H*(aq) — 2Cer 03 + O, (6)

The effect of CeO, and Au/CeO, on scavenging nitric
oxide is shown in Fig. 5e, f. Both CeO, and Au/CeO,
exhibited a lower nitric oxide inhibition activity when
compared to that of hydroxyl and superoxide radical
scavenging. Since transfer of an unpaired electron from
nitric oxide to CeO, is the important step, presence of Ce*™
is necessary to enable the reduction to Ce®" state after
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reduction [8]. In the present work, as CeO, contain high
concentration of Ce*" than Ce*" in the freshly prepared
condition, the efficiency was found to be lower. The
mechanism of nitric oxide radical scavenging can be rep-
resented as,

ZCCOQ +NO — C6203 + N02 (7)
2Ce;03 + 20H (aq) — 4Ce0; + H,O (8)

Ageing effect of nanoparticles

CeO, nanoparticles exist dynamically in two oxidation
states and there exists time-dependent conversion between
Ce*™ and Ce*" and vice versa. Since our earlier studies
have shown that upon ageing agglomerate size increases
with the change in oxidation state from +3 to +4, we
carried out ageing studies to delineate the effect of oxi-
dation state and radical scavenging activity. Three different
concentrations (0.1, 1 and 10 uM) of CeO, and Au/CeO,
were tested for hydroxyl, superoxide and nitric oxide rad-
ical scavenging with fresh, 1, 7, 14 and 28 days of aged
samples. Figure 6a, b shows the hydroxyl radical scav-
enging property with respect to ageing time for CeO, and
Au/CeO,, respectively. Though freshly prepared nanopar-
ticles showed a better inhibition property (about 50-60 %)
at all concentrations than that of control, scavenging effi-
ciency reduced with ageing time. After 28 days of ageing,
nanoparticles were found to be assisting rather than
inhibiting the radicals in a concentration-dependent man-
ner. Compared to CeQO,, Au/CeO, showed better scav-
enging property in spite of ageing. Superoxide radical
scavenging of CeO, and Au/CeO, nanoparticles (Fig. 6c,
d) exhibited a time-dependent reduction in % of inhibition
and turned to a minimum by about day 28. Contrary to the
observation recorded in the case of superoxide and
hydroxyl, nitric oxide radical scavenging showed a time-
dependent increase in % of inhibition with a maximum of
42 % (Fig. 6e, f). As discussed above, for effective scav-
enging of hydroxyl and superoxide radicals more oxygen
vacancy is required and a decrease in defect concentration
decreases the percentage of inhibition. On the other hand,
lower oxygen vacancy (higher Ce*") concentration is
required for the scavenging of nitric oxide. Two factors
which may have profound influence on the activity of
radical scavenging can be agglomeration or oxygen
vacancy concentration (or oxidation state of cerium).

The change in agglomeration of fresh and aged CeO,
and Au/CeO, nanoparticles was evaluated by Zetasizer
measurements as shown in Fig. 7. A freshly prepared
nanoparticles exhibited an average hydrodynamic radii of
313 and 288 nm for CeO, and Au/CeO,, respectively. Au/
CeO, nanoparticle exhibited smaller radii compared to
Ce0O,. This may be due to the presence of Au on CeO,
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Fig. 6 Time-dependent free-radicals scavenging effect of CeO, and Au/CeO, nanoparticles

surface which prevents the nanoparticle agglomeration
since Au is present as Au®* on the surface of Ce0, [38, 40,
41]. During the course of ageing, after 28 days hydrody-
namic radii of CeO, increased 313—415 nm. But in the case
of Au/CeO, the particle size was found to be reduced to
213 nm. Though in the as prepared condition both CeO,

and Au/CeO, have higher oxygen vacancy (or Ce ")
concentration, upon ageing nanoparticle begins to
agglomerate. If the overall oxygen vacancy concentration
remains constant for a given concentration of nanoparticle,
upon ageing the effective oxygen vacancy present on the
surface decreases as a result of agglomeration. This is true
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Fig. 7 Time-Dependent Zetasizer measurement of nanoparticle
solution (0.1 mM)

for freshly prepared nanoparticle solution but upon ageing
not only oxygen vacancy concentration, but agglomeration
is also important as it changes the effective surface area
which can modify the active sites available on the surface.
Similar results were observed by Babu et al. [1] consider-
ing the effect of agglomeration on hydroxyl radical scav-
enging with CeO, nanoparticles. Kuchibhatla et al. [11]
reported a transition from Ce +3 to +4 upon ageing.
Agglomeration and oxidation lead to the reduction in
observed inhibition activity for various radicals. The dif-
ference in agglomeration kinetics and radical scavenging
between CeO, and Au/CeO, can be attributed to the
kinetics which are responsible for colloidal stability as Au
present on the surface reduces the agglomeration. Upon
ageing growth of CeO, nanoparticles leads to a decrease in
activity for superoxide and hydroxyl radicals.

Conclusions

In summary, Au-coated CeO, nanoparticles were synthe-
sized by deposition precipitation technique which resulted
in the fine dispersion of Au on the surface of CeO, nano-
particles. Their radical quenching efficacy was evaluated
with different types of assays with concentration-dependent
as well as ageing of nanoparticle solution. Results suggest
that saturation of inhibition activity occurs in all assays
proving that at larger concentration of nanoparticle reduces
the accessibility to active sites due to agglomeration. Also
ageing studies proved that agglomeration and oxidation of
Ce** to Ce*™" increase the nitric oxide scavenging ability
whereas decrease hydroxyl and superoxide radical inhibi-
tion. The present finding will be helpful in future drug

@ Springer

delivery applications where the stability of nanoparticle is
very important.
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