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Abstract. A comparative study has been carried out on the synthesis of nanostructured CeO2 through chemical and
biological methods. CeO2 nanoparticles have been synthesized chemically using oxalic acid. The as-synthesized
nanoparticles have been stabilized using the capping agent, polyvinylpyrrolidone. The aqueous leaf extract of Annona
reticulata has been utilized for the biofabrication of CeO2 nanoparticles. XRD, TEM and Raman analyses have been
carried out to determine the structure and formation of the as-synthesized products. Optical studies have been carried out
through UV–visible absorption, photoluminescence, Fourier transform infrared and Raman spectroscopic techniques. The
biosynthesized CeO2 nanoparticles exhibit strong antioxidant activity as well as potent antidiabetic and wound healing
activities in comparison to their chemically fabricated counterparts, extending the possibility for their application in
pharmaceuticals. The biogenic nanoparticles also exhibit superior catalytic activity in the degradation of harmful dyes
including methylene blue and eosin yellowish.
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Introduction

CeO2 is a unique rare-earth metal oxide possessing distinctive physicochemical properties and has applications in
numerous fields including fuel oxidation catalysis, semiconductor industry, hydrogen production and gas sensing
[1,2]. The cubic fluorite structured CeO2 has very high
chemical and thermal stability even at high temperatures.
Nanostructured CeO2 with varying morphology have been
fabricated and characterized by different techniques [3–5].
Among the chemical processes, precipitation method is very
easy, inexpensive and time-saving in comparison to other
synthetic routes [6]. Pinjari and Pandit [4] have synthesized
nano ceria powders using sodium hydroxide as the precipitating agent. Nanocrystals \30 nm could be synthesized
through this method. In yet another work, Farahmandjou
et al [6] have synthesized cerium oxide nanoparticles (CeO2
NPs) using cerium nitrate and potassium carbonate precursors through a coprecipitation method. Face-centred
cubic crystalline structure nanoparticles (NPs) of around
9 nm have been synthesized by Shirke et al [3] using cerium nitrate, propylene glycol and ammonia as the
precursors.

Recently, phytogenic CeO2 NPs synthesis protocols
that use natural materials as reducing and capping agents
have gained great importance due to their capacity to
fabricate biocompatible materials [7,8]. In the context of
non-availability of a clearance mechanism for cerium or
its oxides from the biosystems, their biocompatibility or
rather benign nature is of utmost importance. This shall
be attained mostly through a phytosynthetic protocol. A
stable, 3.9 nm sized nano ceria have been synthesized
by Thovhogi et al [9] using Hibiscus sabdariffa’s flower
aqueous extract. Maqbool et al [10] have successfully
synthesized bioactive CeO2 NPs using Olea europaea
leaf extract. Leaf extracts of Gloriosa superba L. and
Acalypha indica have been utilized by Arumugam et al
[11] and Kannan and Sundrarajan [12], respectively, to
synthesize CeO2 NPs with potential antibacterial
activity.
The lanthanide exists in its ?3 and ?4 oxidation states
on the surface of the nano oxide. The ability to switch
over between the two oxidation states instills in it potential
catalytic and bioactivities. The pharmaceutical properties
of CeO2 NPs earmark them for use as potent drug delivery
and biomedical agents [13,14]. Hegazy et al [13] have
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reported the promising effects of nano ceria in treating
neurodegenerative diseases including Alzheimer’s disease
and multiple sclerosis. Vassie et al [8] have reported the
possibility of utilization of CeO2 NPs in the delivery of
anticancer drugs. In yet another interesting work by
Xiong et al [15], 3D-ordered mesoporous–macroporous
Ce0.2Zr0.8O2 has been successfully synthesized and the
NO2-assisted catalytic mechanism for soot oxidation have
been proposed.
Herein, nano ceria has been synthesized through a
chemical method employing oxalic acid and polyvinylpyrrolidone (PVP) and further, through a phytochemical
method utilizing the aqueous leaf extract of Annona reticulata (A. reticulata). The present work discusses the
biomedical applications of nano ceria and the underlying
mechanisms in several studies like in vitro cytotoxicity,
antidiabetic, antioxidant and wound healing activities. In
this work, the catalytic efficiency of synthesized NPs has
also been demonstrated spectrophotometrically in the
degradation of organic dyes methylene blue (MB) and eosin
yellowish (EY) by NaBH4 in aqueous medium.

2.

Materials and methods

Cerium (III) nitrate hexahydrate purchased from Alfa Aesar
and oxalic acid (Merck) is used as the starting materials.
PVP is used as the polymer-capping agent. Also, fresh A.
reticulata leaves collected from the botanical garden of Mar
Ivanios College, Thiruvananthapuram, are washed well with
demineralized water and used for the biosynthesis.

2.1

Synthesis of PVP-capped CeO2 NPs

For the synthesis of PVP-capped CeO2 NPs, 50 ml of
0.01 M oxalic acid is added to 100 ml of 0.003 M cerium
nitrate solution containing 0.5 g of PVP under constant
stirring. The entire mixture is stirred magnetically at 65°C
until a white precipitate is formed. The obtained precipitate
is washed several times by demineralized water and acetone
to remove impurities. Then, it is dried at 60°C for 2 h.
Finally, the product is annealed at 500°C for 2 h in a muffle
furnace to get the sample S1.

2.2

Synthesis of biocapped CeO2 NPs

About 10 g of the fresh A. reticulata leaves are added to
100 ml of demineralized water, heated for 30 min and filtered through Whattman No. 1 filter paper. The leaf extract
is stored in a refrigerator and used for the synthesis of CeO2
NPs. To the 100 ml of 0.003 M cerium nitrate solution,
50 ml of plant extract is added and stirred magnetically for
2 h at 65°C. The blackish brown precipitate obtained is
washed using demineralized water and acetone. Then, it is
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dried at 60°C and annealed at 500°C for 2 h to obtain the
sample S2.

2.3

Instrumentation

The structure of the as-synthesized NPs are analysed by
XPERT PRO diffractometer with CuKa radiation
(k = 1.5406 Å) between the scan angles 20 and 90°. Using
JEOL-JEM 2100 transmission electron microscope, the size
and shape of the NPs are obtained. Raman spectra are
recorded using BRUKER: RFS 27 spectrophotometer. An
IR Prestige-21 Schimadzu spectrophotometer with spectral
range of 500–4000 cm-1 is used for FTIR studies. UV2401PC, Shimadzu spectrophotometer has been used to
record the absorption spectra of samples. The photoluminescence studies are carried out using Perkin-Elmer LS55
spectrophotometer equipped with a 150 W Xenon lamp.

2.4

Cytotoxic studies

To test the cytotoxic activity of prepared NPs, L929 normal
fibroblast cell lines are used. L929 cells are cultured in
25 cm2 tissue culture flask. The cultured cell lines are kept
at 37°C in a humidified 5% CO2 incubator. Cell viability is
evaluated by direct observation of cells, followed by MTT
assay method. After 24 h of incubation, the sample content
in well is detached and 30 ll of MTT solution is added to
the test (S1 and S2) and control wells, followed by incubation at 37°C for 4 h. Then, the supernatant is removed
and 100 ll of dimethyl sulphoxide is added. The wells are
mixed gently by pipetting up and down to stabilize formazan crystals. The absorbance values are measured using
microplate reader at wavelength of 550 nm [16]. The viability percentage is calculated using the formula:
% Viability ¼

2.5

OD test
 100:
OD control

ð1Þ

In vitro wound healing assay

L929 cell lines are used to evaluate the wound healing
efficacy of CeO2 NPs. These cell lines are obtained from
National Centre for Cell Sciences, Pune (India) and maintained in Dulbecos modified Eagles Medium (DMEM). The
cell lines are cultured in a tissue culture flask with DMEM
supplemented with 10% foetal bovine serum, L-glutamine,
sodium bicarbonate and antibiotic solution (streptomycin,
amphoteracin B and penicillin). Then, the cultured cell lines
are maintained at 37°C in a humidified 5% CO2 incubator.
The cells are trypsinized and seeded at a density of 2 9 105
per well into 12-well plate for 24 h incubation. Scratch
wounds are created on monolayer cell surface using a 1 ml
sterile pipette tip through a pre-marked line. Subsequently,
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the cell monolayer is rinsed three times with PBS to remove
the un-adhered or free cells followed by incubation with
samples (S1 and S2) of concentration 25 lg ml-1 for 0, 24,
48 and 72 h. The effect of nanoparticles on wound closure
at different times is calculated using MRI-Image J analysis
software.

2.6

nanoparticles (S1 and S2) are incubated at 300 K for 1 h.
After incubation, 0.5 ml of the reaction mixture is added to
1 ml of 2.8% trichloroacetic acid and thiobarbituric acid. At
363 K, the mixture is again incubated for 15 min to develop
the brown colour. After cooling the mixture, the absorbance
values are measured at 532 nm and gallic acid is used as the
control [18]. The potential to scavenge the toxic OH radical
is determined using equation (2).

Antidiabetic activity

Glucose uptake activities of prepared NPs are studied on L6
(rat myoblast cells) cells lines. The trypsinized cells are
passaged to T flasks in complete aseptic conditions. The
cells are grown on 24 well plates and after attaining 80%
confluency, cells are kept in DMEM without glucose for
24 h. Test materials (S1 and S2) are added to grown cells at
different doses (25, 50 and 100 lg ml-1) and incubated
in DMEM containing glucose (300 mM) for 24 h. An
untreated control with high glucose content is also preserved. After the process of incubation, cells are isolated by
spinning at 6000 rpm for 10 min. Later, the medium is
discarded and 200 ll of cell lysis buffer solution is added.
The cells are incubated at 4°C for 30 min and the glucose
concentration in the medium is estimated. Pioglitazone is
used as the control. All experiments are carried out in
triplicates and the mean average is used for calculations.

2.8

Antioxidant assays

The antioxidant efficiency of CeO2 NPs (S1 and S2) is
monitored through a series of assays including DPPH and
OH radical scavenging activities.
2.7a DPPH assay: Antioxidant activities of as prepared
NPs are evaluated by free radicals of stable DPPH. DPPH
solution (0.1 mM) is prepared by dissolving 4 mg of DPPH
in 100 ml ethanol solution. The samples S1 and S2 are
taken in different concentrations (1.25, 2.5, 5, 10 and
20 lg ml-1) are made up to 40 lg ml-1 with DMSO. Then,
1 ml of DPPH solution is mixed with each sample in the test
tube. The test tubes are shaken well and incubated in a dark
place for 20 min at room temperature. Ascorbic acid is used
as the standard solution. After 20 min, absorbance of the
solution is measured at 517 nm [17] and the percentage
inhibition of DPPH by the antioxidant is calculated using
the following equation:
% of inhibition ¼

A control  A test
 100:
A control

ð2Þ

2.7b OH radical scavenging activity: The reaction
mixture containing 1 ml of 2-deoxy 2-ribose (2.8 mM),
KH2PO4–KOH buffer (20 mM, pH 7.4), FeCl3 (100 mM),
EDTA (100 mM), H2O2 (1.0 mM), ascorbic acid (100 mM)
and various concentrations (12.5–200 lg ml-1) of

Catalytic studies

The catalytic activity of CeO2 NPs is gauged based on its
capacity to degrade the organic dyes (MB and EY) using
NaBH4 can be chosen as a model reaction. To the stock
solution of organic dyes (1 mM), 100 mM NaBH4 is added
and the reaction mixture is made up to 25 ml using demineralized water. It is then followed by the stirring for
10 min with the addition of S1 and S2. The rate of dye
degradation is monitored on a UV–visible spectrophotometer with the decrease in absorbance values measured at
regular intervals of time.

3.
3.1

2.7

16

Results and discussion
XRD, TEM and UV–visible absorption studies

Figure 1a and b shows the XRD pattern of samples S1 and
S2 annealed at 500°C for 2 h. The peaks have been
observed at 28.56, 33.08, 47.49, 56.36, 69.40 and 76.73°
corresponding to (111), (200), (220), (311), (222), (400) and
(331) planes, respectively, in good agreement with the
JCPDS file no: 89-8436 for CeO2. The diffraction patterns
of the samples (S1 and S2) have been analysed and it has
been observed that peaks of S2 are broader (FWHM in
table 1) compared to that of S1, indicating that the particles
in S2 are smaller than S1. The peaks can be well-indexed to
a single-phase cubic fluorite structure of CeO2 with lattice
constant a = 5.406 and 5.413 Å, respectively, which are
consistent with the reported values [19]. The unit cell volume has been evaluated as 0.1579 and 0.1586 nm for the
samples S1 and S2, respectively. According to Debye–
Scherrer equation, the average grain size has been evaluated
for the samples and summarized in table 1. Lattice expansion observed in case of S2 may be related to its higher
surface to volume ratio than S1 which indicate the higher
contribution from the surface layer of the former consequently imparting it predominance in its properties over S1.
The morphology of the fabricated NPs has been further
investigated from TEM micrographic analysis. In figure 1c,
the particles appear to be irregular in shape with the particle
size in the range of &10.3 nm and in figure 1d, the particles are almost spherical in shape with average particle size
of &3.7 nm. The extremely small sized particles with
spherical morphology of the biofabricated S2 indicate the
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Figure 1.
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XRD pattern of samples (a) S1 and (b) S2; TEM images of (c) S1 and (d) S2; and absorption spectra of (e) S1 and (f) S2.

Table 1.

Summary of band gap energy, FWHM, lattice parameter and average size of synthesized nano CeO2.

Sample

kmax,UV
(nm)

Eg,UV
(eV)

FWHM

Lattice parameter
(Å)

Average grain size from XRD
(nm)

Average particle size from TEM
(nm)

334
302

3.71
3.84

0.707
1.938

5.406
5.413

11.41
4.24

&10.3
&3.7

S1
S2

efficient capping of the phytochemicals present in the
aqueous leaf extract of A. reticulata in comparison with
PVP. These phytochemicals including terpenoids and flavonoids adsorb on the surface of these particles, preventing
its further aggregation and hence stabilization. The results
are in good agreement with the XRD observations.
The samples show strong absorption at 334 nm (figure 1e) and 302 nm (figure 1f) for samples S1 and S2,
respectively. Exhibition of a strong absorption peak in the
UV region may be ascribed to charge–transfer transitions
from O-2p state to Ce-4f state eclipsing the f–f spin orbit
splitting of the Ce-4f state. A blue-shifted sharper peak
observed in the case of S2 compared to S1 is due to the
smaller size of the former, as is typical of direct band gap
semiconductors like ceria, in agreement with the XRD
result. Tauc plots reveal the band gap energy (Eg) values of
S1 and S2 to be 3.71 and 3.84 eV, respectively, greater than

that of the already reported bulk CeO2 with a band gap of
3.19 eV. It is evident that the observed increase in band gap
energy with decrease in particle size is due to quantum
confinement at nanoscale regime [20].

3.2

FTIR, Raman and luminescence studies

FTIR spectra recorded for the samples S1 (figure 2a) and S2
(figure 2b) show bands between 3450–3350 cm-1 indicating hydrogen bonding in the sample with a higher intensity
compared to the spectrum of the extract. The band at
2351 cm-1 may correspond to the absorbed atmospheric
CO2 [21]. The band around 2921 cm-1 is ascribed to
methylene stretching vibrations and represents the existence
of CH2 groups [22]. The band at 1813 cm-1 for oxalic acid
is characteristic of C=O stretching vibrations. The carbonyl
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FTIR spectra of (a) S1 and (b) S2; Raman spectra of (c) S1 and (d) S2; and PL spectra of (e) S1 and (f) S2.

stretching vibrations in the amide linkages of proteins has
been observed at 1654 cm-1. The band at 1411 cm-1 is due
to OH deformation. The in-plane C–O–H bending vibrations appear at 1489 cm-1. The decrease in intensity of this
band indicates the involvement of flavanoids in the formation of nano ceria [23]. Bands between 1300 and 1000 cm-1
corresponding to C–O stretching vibrations, indicate the
role of terpenoids as a capping agent on the surface of NPs
[24]. Moreover, the band due to the stretching vibrations of
Ce–O can be observed at 559 and 545 cm-1 for S1 and S2,
respectively [25].
The Raman spectra of samples S1 and S2 have been
recorded in the wavenumber range between 300 and
700 cm-1 and presented in figure 2c and d. An intense peak
appears at 464 and 460 cm-1, for samples S1 and S2,
respectively. The appearance of a single Raman line in both
the samples indicates the high crystallinity of the NPs. The
peak broadening observed for S2 is further validation of its
reduced size. Also, particle size of the as synthesized CeO2
NPs has been calculated from the Raman analysis using the
equation:
C ¼ 10 þ 124:7=D;
-1

ð3Þ

where C (cm ) is the FWHM of the Raman peak and D
represents the particle size. The Raman line has been
assigned to the first order longitudinal-optical phonon
mode, which may be further elucidated as a triply degenerate F2g symmetric breathing mode of the oxygen atoms
around the cerium ions. The peak is sensitive to any distortion in the oxygen sublattice of ceria. A decrement in

particle size makes the Raman band asymmetric [26,27].
The red shift of this band corresponds to the lattice relaxation disclosed by XRD and lattice constant shifts from
Raman analysis (table 2). The relation connecting Raman
shift and change of lattice parameter can be obtained by the
following expression [19]:
Dx ¼ 3cx0 Da=a0 ;

ð4Þ

where c represents the Gruneisen constant (1.24), Da represents the change in lattice constant, x0 the Raman frequency (bulk CeO2) and a0 the lattice constant (0.5411 nm)
for bulk CeO2.
While several other factors, such as phonon confinement,
increased lattice strain and variations in phonon relaxation
may also account for the broadening of the F2g mode at
reduced particle sizes validated through XRD, TEM and
Raman analyses. The Raman peak position varies with the
change in the interatomic force which is characterized by
the change in bond length, as well as the change in the
lattice spacing [19,28].
The photoluminescence spectra of S1 and S2 have been
shown in figure 2e and f under the excitation wavelength of
300 nm. S1 shows emission bands at 374, 406, 422 and
449 nm. In the case of S2 sample, the bands (366, 408, 429, 446
and 457 nm) have been observed in the blue region and can be
identified distinctly. Upon excitation with 300 nm, there is
maximum emission at 406 nm (S1) and at 429 nm (S2). The
bands observed in the wavelength between 360 and 460 nm
originates from the relative surface defects (oxygen vacancies)
of CeO2 NPs. The relative oxygen vacancies can be also
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Table 2.
Samples
Bulk
S1
S2
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Analysis of particle size and lattice constant from Raman spectra.
Wavenumber (cm-1)

Lattice constant (Da)

Frequency shift (cm-1)

Raman particle size (nm)

464
464
460

0
0
0.0012

—
0
-4

—
13.56
4.54

Figure 3. Percentage viability of normal cell lines at different concentrations of CeO2 NPs (a) S1 and (b) S2; wound healing activities
of (c) S1 and (d) S2; and glucose uptake activities of (e) S1 and (f) S2.

explained on the basis of transfer of charge carriers between 4f
conduction bands (Ce) to the 2p valence band (O) of CeO2 NPs.
In the UV region, the characteristic emission peaks have been
observed due to direct recombination of electrons in conduction band (Ce 4f) with holes in valence band (O 2p), while in
the visible region, the broad emission band corresponds to
the presence of oxygen vacancies [26,28].

3.3 In vitro cytotoxic, wound healing and antidiabetic
activities
CeO2 have received substantial attention in the field of nanotechnology due to their biomedical applications. In the present scenario, the tested samples S1 and S2 have been
screened using MTT assay for their cytotoxic activity against
L929 normal fibroblast cell lines at different doses. Herein,
the samples have displayed dose-dependent activity. In our
study, the as prepared samples (S1 and S2) have been
observed to exhibit a cell viability of more than 75% at
100 lg ml-1 concentration (figure 3a and b) confirming the
innocuous nature of the samples. In a similar manner, Sreeju

et al [25] have studied cytotoxic activity on L929 fibroblast
cells of copper NPs showing a residual viability of 60% for a
concentration of 100 lg ml-1. The present study reveals that
the as synthesized samples are safe and sound and hence, may
be further subjected to analysis of their bioactivities.
Wound healing is an intricate process initiating cell repair
that follows skin damage restoring the integrity of soft tissues [29,30]. The potential wound-healing activity of CeO2
NPs has been evaluated based on the L929 fibroblast cell
line model. The synthesized NPs (S1 and S2) display a
significant role in the wound healing process as a function
of time as represented in figure 3c and d. A 24 h incubation
of the cells with the samples reveal higher healing percentages of S2-treated cells than S1-treated cells and the
control group. The duration of wound healing often varied
with the sample used and the dose administered. With time,
S2-incubated cells gathered momentum in wound healing
than S1-incubated cells or the control group. Also, the paces
of wound healing in NPs-treated cells have been faster
compared to the control. The enhanced wound healing
activity of NPs may be attributed to the dual oxidation
states of cerium [31]. The present investigation has
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Free radical scavenging activities of synthesized nano CeO2 using (a) DPPH and (b) OH

demonstrated that CeO2 NPs have properties that render
them capable of promoting enhanced wound-healing
activity compared with the control. Moreover, materials at
nano regime can change their oxidation state, which is very
useful in scavenging free radicals at the site of wound and
foster wound healing activity [32].
L6 cells have been chosen as good model for glucose
uptake mechanism; because they have been widely used to
disclose the glucose uptake activity in muscles [33]. The asprepared samples S1 and S2 enhance the glucose uptake
activity of [55% at 100 lg ml-1 concentration as presented in figure 3e and f. The utilization of glucose in L6
cell lines shows that the activity of samples is found to be
comparable to that of control. In the present study, results
demonstrated that the samples enhance the glucose uptake
under in vitro conditions. Reports reveal that the exact
mechanism behind enhanced antidiabetic activity in NPs
involves size reduction and significant movement of atoms
towards the outer surface of NPs as a result of high surface
area to volume ratio [34]. Although, in vivo studies have to
be carried out to authenticate the in vitro results by
employing different in vivo models and medical trials for
their effective use as curative agents [35].

3.4
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In vitro antioxidant activity

The in vitro free radical scavenging activity of the synthesized CeO2 NPs have been investigated using DPPH and
hydroxyl radical assays with respect to the standard
antioxidants. A number of methods may be necessary to
assess the radical scavenging activity of a specific material.
All the methods that are developed have strengths and
restrictions and a solitary measurement of radical scavenging capacity may not be adequate.
DPPH, a stable compound with a deep purple colour
exhibits maximum absorbance at 517 nm. The effect of

antioxidants on scavenging DPPH radical may be ascertained from the disappearance of this purple colour [36–38].
The radical quenching activity of the CeO2 NPs on DPPH
radical is found to increase with increase in concentration
with a maximum of 61% (S1) and 72% (S2) inhibition at
20 lg ml-1 (figure 4a). However, the standard ascorbic
acid at this concentration exhibits 84.7% inhibition.
OH radical is one of the most toxic radicals known to be
the root cause behind carcinogenesis and mutagenesis
[39–41]. As shown in the figure, CeO2 NPs scavenged OH
free radical in a dose-dependent manner. The radical
quenching potential of CeO2 NPs has been significant at all
tested doses with maximal inhibition of 57.5% (S1) and
64.2% (S2) at 200 lg ml-1 (figure 4b), whereas gallic acid
as a control is highly effective on OH radical quenching
with 75% inhibition at the said concentration.
Toxic free radicals are formed incessantly on the
interaction of biosystems with molecular oxygen. Antioxidants play a key role in scavenging these harmful free
radicals, thereby ceasing the oxidative damage of human
body [42]. CeO2 NPs may be well-organized as one such
class of antioxidants restricting the reactive oxygen species
(ROS) generation. Reduction in particle size results in
increased interstitial cerium ions and oxygen vacancies
improving the efficacy of NPs, which also causes an
increase in the band gap energy. Small size of the nanomaterials allows their internalization into cells, and to
interact with biomolecules within or on the cell surface,
enabling them potentially to affect cellular responses in an
energetic manner that makes them profitable for biomedical applications [43].

3.5

Catalytic activity

The catalytic potential of nano CeO2 has been analysed
using MB and EY as model systems for dye reduction.
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Figure 5. UV–Vis spectra showing degradation of MB on addition of (a) S1 and (b) S2; and linear
correlation between ln[A/A0] and the degradation time of MB for samples (c) S1 and (d) S2.

Figure 6. UV–Vis spectra showing degradation of EY on addition of (a) S1 and (b) S2; and linear
correlation between ln[A/A0] and the degradation time of EY for samples (c) S1 and (d) S2.
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Table 3. Rate constants of samples S1 and S2 for the reduction
of dyes MB and EY.
Rate constants (min-1)
Sample code
S1
S2

MB

EY

0.1208
0.1946

0.1078
0.1764

Aqueous solutions of the organic dyes, MB and EY treated
with NaBH4 show small changes in absorption maximum
and colour when kept for several hours. This suggests that
the degradation reaction is negligibly slow owing to the
appreciable difference in redox potential between the dyes
and NaBH4 [44]. But, with the addition of NPs, reduction
occurs rapidly which is evident from the fading colour of
organic dyes as well as decrease in the intensity of the
absorption bands at 664 and 517 nm (figures 5a, b and 6a,
b). It has been reported that catalytic property could
strongly depend on the crystalline nature, shape and size of
particle [45,46]. The linear plot of ln(A/A0) vs. time in all
the reactions confirms the pseudo-first order kinetics (figures 5c, d and 6c, d). Corresponding rate constant obtained
from the kinetic plots have been shown in table 3. The
degradation process is very fast in the case of S2 compared
to S1. This may be attributed to the higher surface energy of
the available sites of the former, as a consequence of its
extremely small size and spherical morphology.
The enhanced degradation rate is mainly due to electron
relay effect. Here, NPs act as an electron transfer mediator
between the electron acceptor (organic dye) and an electron
donor (NaBH4). As the reactants get adsorbed on the NPs
surface, an increase in the surface area will greatly enhance
the efficacy of the catalyst and hence, catalytic reaction
occurs by the transfer of electron from the donor to the
acceptor [25,47]. Consequently, in the above catalytic
reactions, nanomaterials help in enabling the degradation
process by lowering the activation energy of the reaction
and thus, fulfill the role as an efficient catalyst. A huge
redox potential difference between donor and an acceptor
kinetically obstruct the degradation of organic dyes [48].
But, an intermediate redox potential of nano CeO2 instigate
and facilitate better catalytic action.

4.

Conclusions

We have successfully demonstrated the synthesis of CeO2NPs using the combo of oxalic acid–PVP and Annona
reticulata leaf extract. XRD result confirms the formation of
single-phase cubic fluorite structure of CeO2 nanoparticles.
The average particle size obtained from TEM analysis is
found to be 3.7 (S2) and 11 nm (S1). The band gap energy
of nano CeO2 obtained from the analysis of UV–visible
measurements is 3.71 and 3.84 eV, respectively, for the
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samples S1 and S2. Increase in asymmetry of Ce–O Raman
band confirms very small size for S2 sample. Cytotoxic
study shows cell viability [75% at 100 lg ml-1 concentration reveals the innocuous nature of synthesized samples
S1 and S2. In vitro antioxidant and wound healing potency
of NPs have been analysed through free radical scavenging
(DPPH and OH) and scratch wound assays, respectively. Of
these, S2 shows enhanced antioxidant and wound healing
activities. Moreover, S2 shows excellent antidiabetic
activity than S1. For the degradation of selected organic
dyes MB and EY, a size-dependent catalytic activity is also
observed in the case of S1 and S2. The S2 having smaller
particle size shows better catalytic performance for the
reduction of both the dyes. Interestingly, significant
enhancement in efficiency has been observed for biogenic
CeO2 having smaller particle size compared to PVP-capped
CeO2. From the present investigation, it has been observed
that the engineered nano CeO2 particles provide potent
industrial and therapeutic applications as nanodrug carriers
for the treatment of various diseases.

Acknowledgements
We would like to acknowledge STIC (Cochin), SAIF
(Chennai), BIOGENIX research center (Thiruvananthapuram), for the technical help and Kerala University, Thiruvananthapuram, for financial support.

References
[1] Dhall A and Self W 2018 Antioxidants 7 97
[2] Yang Z, Zhou K, Liu X, Tian Q, Lu D and Yang S 2007
Nanotechnology 18 185606
[3] Shirke B, Patil A A, Hankare P P and Garadkar K M 2011 J.
Mater. Sci.: Mater. Electron. 22 200
[4] Pinjari D V and Pandit A B 2011 Ultrason. Sonochem. 18
1118
[5] Darroudi M, Sarani M, Oskuee R K, Zak A K, Hosseini H A
and Gholami L 2014 Ceram. Int. 40 2041
[6] Farahmandjou M, Zarinkamar M and Firoozabadi T P 2016
Rev. Mex. de Fis. 62 496
[7] Xu C, Lin Y, Wang J, Wu L, Wei W, Ren J et al 2013 Adv.
Health. Mater. 2 1591
[8] Vassie J A, Whitelock J M and Lord M S 2018 Mol. Pharm.
15 994
[9] Thovhogi N, Diallo A, Gurib-Fakim A and Maaza M 2015 J.
Alloys Compd. 647 392
[10] Maqbool Q, Nazar M, Naz S, Hussain T, Jabeen N, Kausar R
et al 2016 Int. J. Nanomed. 11 5015
[11] Arumugam A, Karthikeyan C, Haja Hameed A S, Gopinath
K, Gowri S and Karthika V 2015 Mater. Sci. Eng. C 49 408
[12] Kannan S K and Sundrarajan M 2014 Int. J. Nanosci. 13
1450018
[13] Hegazy M A E, Maklad H M, Doaa A, Elmonsif A, Elnozhy
F Y, Alqubiea M A et al 2017 J. Med. 53 351

16

Page 10 of 10

[14] Rajeshkumar S and Naik P 2018 Biotechnol. Rep. 17 1
[15] Xiong J, Wu Q, Mei X, Liu J, Wei Y, Zhao Z et al 2018 ACS
Catal. 8 7915
[16] Rajan A R, Rajan A, John A, Vilas V and Philip D 2019
Ceram. Int. 45 21947
[17] Chokshi K, Pancha I, Ghosh T, Paliwal C, Maurya R K,
Ghosh A et al 2016 RSC Adv. 6 72269
[18] Kumari M M, Jacob J and Philip D 2015 Spectrochim. Acta
A 137 185
[19] Goharshadi E K, Samiee S and Nancarrow P 2011 J. Colloid
Interface Sci. 356 473
[20] Tsunekawa S, Wang J T, Kawazoe Y and Kasuya A 2003 J.
Appl. Phys. 94 3654
[21] Ramjeyanthi N, Alagar M and Muthuraman D 2018 Int.
J. Inter. Res. Inn. 6 389
[22] Deus R C, Cortes J A, Ramirez M A, Ponce M A, Andres J,
Rocha L S R et al 2015 Mater. Res. Bull. 70 416
[23] Gopinath K, Karthika V, Sundaravadivelan C, Gowri S and
Arumugam A 2015 J. Nanostruct. Chem. 54 295
[24] Jayanthi S A, Sukanya D, Pragasam A J A and Sagayaraj
P 2013 Der. Pharma Chem. 5 90
[25] Sreeju N, Rufus A and Philip D 2016 J. Mol. Liq. 221 1008
[26] Vilas V, Philip D and Mathew J 2016 J. Mol. Liq. 22 1179
[27] Sherly E D, Vijaya J J and Kennedy L J 2015 J. Mol. Struct.
1099 114
[28] Kumar S, Srivastava M, Singh J, Layek S, Yashpal M,
Materny A et al 2015 AIP Adv. 5 027109
[29] Gupta R N, Pareek A, Suthar M, Rathore G S, Basniwal P K
and Jain D 2010 Int. J. Diabetes Dev. Ctries. 29 170
[30] Javed R, Ahmed M, Haq I, Nisa S and Zia M 2017 Mater.
Sci. Eng. C 79 108
[31] Das M S and Devi G 2015 J. Appl. Pharma. Sci. 5 92
[32] Reddy G R, Morais A B and Gandhi N N 2013 Asian J.
Chem. 25 9249

Bull Mater Sci

(2021) 44:16

[33] Phull A R, Abbas Q, Ali A, Raza H, Kim S J, Zia M et al
2016 Future J. Pharma. Sci. 2 31
[34] Nagaich U, Gulati N and Chauhan S 2016 J. Pharma.
(Cairo) 2016 7141523
[35] Sudha A, Jeyakanthan J and Srinivasan P 2017 Res. Effic.
Technol. 3 506
[36] Esmaeili M A and Sonboli A 2010 Food Chem. Toxicol. 48
846
[37] Xue Y, Luan Q, Yang D, Yao X and Zhou K 2011 J. Phys.
Chem. 115 4433
[38] Sandhir R, Yadav A, Sunkaria A and Singhal N 2015 Neurochem. Int. 89 209
[39] Diaconeasa Z, Rugina D, Coman C, Socaciu C, Leopold L F,
Vulpoi A et al 2017 Colloids Surf. A 5 132
[40] Rajendran N K, Dhilip K S S, Houreld N N and Abrahamse
H 2018 J. Drug Deliv. Sci. Technol. 44 421
[41] Pawar R S, Chaurasiya P K, Rajak H, Singour P K, Toppo
F A and Jain A 2013 Indian J. Pharmacol. 45 474
[42] Rather H A, Thakore R, Singh R, Jhala D, Singh S and
Vasita R 2018 Bioact. Mater. 3 201
[43] Chigurupati S, Mughal M R, Okun E, Das S, Kumar A,
McCaffery M et al 2013 Biomaterials 34 2194
[44] Rajan A, Vilas V and Philip D 2015 J. Mol. Liq. 207
231
[45] Vasantharaj S, Sathiyavimal S, Saravanan M, Senthilkumar
P, Kavitha G, Shanmugavel M et al 2019 J. Photochem.
Photobiol. B 191 143
[46] Arasu M V, Arokiyaraj S, Viayaraghavan P, JebaKumar T S,
Duraipandiyan V, Al-Dhabi N A et al 2019 J. Photochem.
Photobiol. B 190 154
[47] Abraham N, Rufus A, Unni C and Philip D 2019 Spectrochim. Acta A 200 116
[48] Princy K F and Gopinath A 2018 J. Nanostruct. Chem. 8
333

