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Introduction

Biocidal activity of Ba?>*-doped CeO, NPs against
Streptococcus mutans and Staphylococcus aureus
bacterial strainst

Natarajan Sisubalan,® Chandrasekaran Karthikeyan,**¢ Venugopal Senthil Kumar,©
Kokkarachedu Varaprasad,@i‘éj‘?’*b Abdulrahman Syed ahamed Haja Hameed,®
Ramar Vanajothi® and Rotimi Sadiku ®f

Mishandling of antibiotics often leads to the development of multiple drug resistance (MDR) among
microbes, resulting in the failure of infection treatments and putting human health at great risk. As
a response, unigue nanomaterials with superior bioactivity must be developed to combat bacterial
infections. Herein, CeO,-based nanomaterials (NMs) were synthesized by employing cerium(i) nitrate
and selective alkaline ions. Moreover, the influence of alkaline ions on CeO, was investigated, and their
characteristics, viz.: biochemical, structural, and optical properties, were altered. The size of nano Ba-
doped CeO, (BCO) was ~2.3 nm, relatively smaller than other NMs and the antibacterial potential of
CeO,, Mg-doped CeO, (MCO), Ca-doped CeO, (CCO), Sr-doped CeO, (SCO), and Ba-doped CeO,
(BCO) NMs against Streptococcus mutans (S. mutans) and Staphylococcus aureus (S. aureus) strains was
assessed. BCO outperformed all NMs in terms of antibacterial efficacy. In addition, achieving the
enhanced bioactivity of BCO due to reduced particle size facilitated the easy penetration into the
bacterial membrane and the presence of a sizeable interfacial surface. In this study, the minimum
quantity of BCO required to achieve the complete inhibition of bacteria was determined to be 1000 pg
mL~! and 1500 pg mL™! for S. mutans and S. aureus, respectively. The cytotoxicity test with L929
fibroblast cells demonstrated that BCO was less toxic to healthy cells. Furthermore, BCO did not show
any toxicity and cell morphological changes in the L929 fibroblast cells, which is similar to the control
cell morphology. Overall, the results suggest that nano BCO can be used in biomedical applications,
which can potentially help improve human health conditions.

or overuse (abuse) of antibiotics might increase microbial
resistance, which often negatively impact their efficacy.** The

In recent years, multidrug resistance (MDR) in pathogenic
bacteria has been a severe health concern to humanity."” The
humanoid community has remained unaware or failed to
understand the undeniable truth that drug misuse, underuse,
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tendency of bacteria to develop resistance against allopathic
antibiotics customarily makes these drugs lose their efficiency
over time, thereby putting millions of lives in jeopardy.® Even
though techno-universe pharmaceutical (biomedical) innova-
tions have continuously and relentlessly been developed, it is
undeniably concerning that healthcare-related infections are
one of the central origins of disease in the United States of
America and other countries. Candida albicans (C. albicans) and
Staphylococcus aureus (S. aureus) are among the most general
microbes linked to healthcare-related infections.® Accordingly, it is
urgent to design novel drugs against rapidly growing MDR bacte-
rial infections. CeO, NPs have recently attracted the attention of
researchers because of their promising usage in biomedical
applications, such as radiation therapy, chemotherapy, treating
neurodegenerative disorders, cardiovascular diseases, Alzheimer's
disease, sepsis therapies, and antibacterial infections, due to their
antioxidant properties toward reactive oxygen species (ROS).” CeO,
NPs can be produced using various chemical methods, including
chemical precipitation, precipitation, microwave hydrothermal,
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reverse-co-precipitation, and sonochemical methods. The reported
properties of the NPs synthesized using these methods, however,
are inconsistent. Since the size and composition of synthesized
CeO, NPs are critical to their success, it is essential to use
processes that constantly generate materials with advanced prop-
erties. Multiple techniques, including a precipitation process and
a microwave hydrothermal technique, have outperformed others
due to their advanced multifunctional properties.”

The usage of CeO, NPs in pharmaceutical applications has
recently gained attention because they resist cell damage
caused by toxicants, radiation and microbial communities,
neurological disorders, brain/heart ischemia, and retinal neu-
rodegeneration. Cerium has a fluorite structure in its oxide
form. The CeO, NPs, with their nanoscale shape, maintain the
fluorite structure despite oxygen deficiency. That is, CeO, NPs
with (CeO,_,) vacancies are formed, thereby providing sites for
reduction-oxidation reactions. The catalytic efficiency of
the NPs is determined by the arrangement of the surfaces of the
fluorite structure. CeO, NPs are inexpensive and retain their
catalytic properties even when exposed to extreme tempera-
tures. They have strong SOD-like behaviour even though they
are not naturally occurring enzymes. Therefore, they act as
a biocompatible alternative to natural bio-scavengers, like
superoxide dismutase, because of their ability to scavenge
reactive oxygen species in an enzyme-like manner. The non-
stoichiometric oxygen ratio of Ce®*"/Ce*" on the surface of the
nanostructures changes, when CeO, nanostructures are
formed.® This unique characteristic confers the radical scav-
enging assets on CeO, NMs, making them an attractive choice
for biomedical applications in advanced healthcare. CeO, NMs
invade bacterial cell membranes and bind them to the meso-
somes, thus disrupting the mesosomal functions, including
respiration of cell, replication of deoxyribonucleic acid (DNA)
and cell division; therefore, the bacterial cell membrane surface
area is increased. The ROS cause more oxidative stress to the
bacterial cellular components due to cell expiration established
by this intracellular functional change.” Moreover, CeO, NPs
display a crucial antimicrobial action since they act as scaven-
gers of radicals and block ROS generation, which may
conjointly eradicate the microorganisms.” In addition, CeO,
NMs enhance the effectiveness of medicines towards the
microbial cell membrane changes because the ions in the Ce**
oxidative state close to the membrane surface reduce to the Ce**
oxidative state.'* However, the antibacterial and antioxidant
nature and toxicity of MCO, CCO, SCO, and BCO NMs have not
been reported earlier.

With the addition of alkaline metals onto the surfaces of
CeO, matrices, which can change the optical and biocidal
properties of nanomaterials, due to bandgap illumination, the
electrons (e”) of NMs are excited via the bandgap to the
conduction band, producing holes (h") in the valence band.*? As
a result, the conduction band electrons and the valence band
holes produce highly active reducing and oxidizing agents.
These oxidizing agents ("OH and 'O, ") are responsible for the
antibacterial activity of CeO, NPs, which could be altered by
doping the CeO, NPs with alkali metal ions (AMIs) because they
(Ba ions) act as electron traps that can inhibit the rate of e /h*
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pair recombination by augmenting the bandgap energy. This
stimulates the formation of ROS and increases the antibacterial
efficacy.” In this study, the antibacterial properties of CeO,,
MCO, CCO, SCO, and BCO NMs against S. mutans and S. aureus
strains were studied via optical and structural characterization
to explore their potential as futuristic medicines/antibiotic
agents that can overcome antimicrobial-resistant infections.
Mainly, barium atoms enhanced the antibacterial activity,
toxicity, and antioxidant and biocidal properties of CeO,.

Experimental methods
Synthesis of nanomaterials

The following high-purity chemicals were used as source
materials: Ce(NO3);-6H,0, Mg(NO;),-6H,0, Ca(NO;), 4H,0,
Ba(NOj3),, Sr(NOs),, monoethanolamine and NaOH.

The method of synthesis of CeO,, MCO, CCO, SCO, and BCO
NMs was as follows: 0.1 M of Ce(NOs);-6H,0, 0.8 M of NaOH
and 3.008 mL of monoethanolamine were dissolved one by one in
100 mL of deionized water in three 200 mL beakers for the
synthesis of CeO, NPs. First, a violet precipitate was obtained with
the dropwise addition of a NaOH solution into the homogenous
cerium nitrate and monoethanolamine solution. Then, the violet
precipitate solution was stirred for 24 h at 25 £ 2 °C, and the
colour of the solution changed from a violet precipitate to a yellow
residue after 6 h. After that, a stable, transparent solution was
obtained, and the precipitate solution was washed repeatedly with
deionized water and ethanol. Finally, at 120 °C, the precipitate was
dried completely to obtain CeO, NPs.

Likewise, a 0.005 M aqueous solution of magnesium nitrate
hexahydrate was mixed with a 0.095 M aqueous cerium nitrate
solution to synthesize MCO. In 100 mL of a metal solution con-
taining 3.008 mL of monoethanolamine, this solution was mixed.
To this homogenous mixture, 0.8 M of aqueous NaOH solution
was mixed dropwise, forming a violet precipitate. The solution was
modified to a yellow residue, which was treated as mentioned
above to obtain MCO NMs. Similar steps were repeated to prepare
the CeO, NPs amalgamated with Sr, Ca, and Ba for which stron-
tium nitrate, calcium nitrate tetrahydrate, and barium nitrate were
used, respectively. The pure and AMIs-amalgamated CeO, NPs
(AMI) were obtained. These NMs were calcinated for 5 h at 700 °C
and then used for further tests.

Characterization (ESIt). The details on the characterization,
antibacterial activity assay, and MIC and MBC measurements of
the NMs are provided in ESL{

Results and discussion

The non-toxic CeO,-based NMs with biocidal activities were
developed via a precipitation method. This method enhanced
the biocidal properties via modifications of the CeO, NMs using
AMIs. The XRD patterns of the CeO, (pure), MCO, CCO, SCO,
and BCO NMs are shown in Fig. 1a. Eight identical O, ions
surrounded the fluorite crystal structure of the CeO, NPs; each
0, coordinated with four Ce*" ions, materializing the edge of
a square."** The (111), (200) and (220) crystal planes of CeO,
NPs were located at the diffraction Bragg's angles (26) of 28.60,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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33.11 and 47.58°, respectively. Similarly, at the 26 angles of
56.34 and 76.6°, peaks corresponding to the (311) and (331)
planes of CeO, NPs, other peaks were located. The CeO, peaks
corresponded with the CeO, cubic fluorite crystal structure
(JCPDS-340394).'41*

MCO, CCO, SCO, and BCO showed increased crystalline
nature compared with pure CeO, NPs. The diffraction angles
(26) were found to be (28.66, 33.16, 47.60, 56.40 & 76.93°),
(28.62, 33.0, 47.52, 56.37& 76.9°), (28.5, 33.04, 47.46, 56.29, 69.3,
76.93 & 78.91°) and (28.53, 33.09, 47.50, 56.32, 69.04 & 76.9°) for
MCO, CCO, SCO, and BCO, respectively. Due to the small ionic
radii of the Mg?* (0.66 A), Ca®* (0.99 A), Sr** (1.13 A) and Ba®"
(1.35 A) ions when amalgamated with CeO, NMs, it was found
that the ionic radius of pure Ce** was 1.14 A, without any
impurity phase in MCO, CCO, SCO, and BCO. In the literature,
Lee et al. have reported that the formation of La-doped CeO,
NPs in the trivalent state was due to the presence of the Ce L-
edge, signifying that the valence state of Ce varied between 4+
and 3+ mainly depending on the degree of oxygen deficiency.'®
Thus, the change in the valence of Ce can be identified by the
Ce*" state. In this work, the alkaline metal ion-doped CeO, NPs
also displayed the Ce*" state.

The lattice parameters of each NM were calculated according

to the formula:
1 W+ k24P
2- T a2

By re-writing the equation as a = \/d*(h*> + k> + I%), the lattice
constant ‘a’ was evaluated. The obtained ‘a’ values were 5.4014
A, 5.3896 A, 5.3986 A, 5.4140 A and 5.5644 A for CeO,, MCO,
CCO, SCO, and BCO, respectively. The diffraction peaks of
MCO, CCO, SCO, and BCO NMs showed marginal shifts in their
diffraction angles, diverging from those of the CeO, NPs, which
resulted in variations in the lattice constants of the metal ion-
doped CeO, NPs. These variations were attributed to the
substitution of Ce (ionic radius 1.14 A) with metals of smaller
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ionic radii, viz. Mg (0.66 A), Ca (0.99 A), Sr (1.13 A) and Ba (1.35
A). This suggested that the Mg, Ca, Sr and Ba ions were amal-
gamated into the CeO, matrix. The average crystallite size of the
various NMs was measured using Debye-Scherrer's equation.

kA

Average crystallite size D =
6 D cos 0

The average particle sizes of the CeO,, MCO, CCO, SCO, and
BCO NMs were 5.2, 3.4, 3.0, 3.7 and 2.3 nm, respectively. The
average crystal sizes of the amalgamated CeO, NPs had
decreased compared with that of pure CeO, due to the bias in
the main CeO, lattice caused by the extraneous impurities, i.e.,
Mg>*, Ca®*, Sr** and Ba®", which hindered the nucleation and
further growth of the CeO, NPs.

In Fig. 1b, the UV-vis optical reflection spectra of the CeO,,
MCO, CCO, SCO, and BCO NMs are shown. The absorption edges
of the UV spectral peaks were found at ~435, ~427, ~420, ~413
and ~399 nm for the CeO,, MCO, CCO, SCO, and BCO NMs,
respectively, which endorsed the photoexcitation of electrons to
the conduction band from the valence band. The peak positions in
the reflection spectra of the alkaline metal ion-amalgamated CeO,
NPs were blue-shifted towards the lower wavelength. This showed
that doping with the Mg, Ca, Sr, and Ba atoms caused the bandgap
of CeO, NPs to increase. The relationship between the coefficient
of absorption («) and the incident photon energy (%v) is expressed
by the following equation:

ahv = A(hv — Eg)"

Because of the direct band transition in CeO, NPs and those
amalgamated with metal (alkaline) ions, i.e., Mg, Ca, Sr and Ba,
a plot of (awhv)2 vs. photon energy hv was drawn, and the
extrapolation of the linear portion of the absorption edge to
obtain the energy-axis intercept is shown in Fig. 2(a-e). The
bandgap values of 2.85, 2.9, 2.95, 3.0 and 3.1 eV were observed

(b)

T T T T T
200 300 400 500 600 700 800
Wavdength (nm)

(a): XRD patterns of the NMs, and (b) UV-vis reflection spectra of the CeO,, MCO, CCO, SCO, and BCO NMs.
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for pure CeO, NPs and the metal (alkaline) ion-doped NPs, viz.:
MCO, CCO, SCO, and BCO NMs, respectively. The bandgap of
BCO NPs was more significant than those of the pure and the
other alkaline metal ion-doped CeO, NPs, viz. MCO, CCO, and
SCO NMs. The valence structure and form of the conduction
bands determine the optical properties of semiconductor NPs.
Besides this, doping also plays a role through the Burstein-
Moss (BM) effect.’” From the XRD result, it was found that the
size of the BCO (2.3 nm) NMs was smaller than those of the
CeO, (5.2 nm), MCO (3.4 nm), CCO (3.0 nm) and SCO (3.7 nm)
NMs. In small particles, the carriers are more confined, thus
increasing the energy gap of the NPs. Consequently, the
increase in the bandgap of the BCO NMs was due to both small
particle size and the BM effect.

Photoluminescence (PL) spectroscopy

In contrast to CeO,, the MCO, CCO, SCO and BCO NMs were
anticipated to have diverse optical properties. At the exciting
wavelength of 290 nm, the PL spectra of the as-synthesized
CeO,, MCO, CCO, SCO and BCO NMs were obtained. For the
CeO,, MCO, CCO, SCO and BCO NMs, the PL emission peaks
were observed from 350 nm to 550 nm. For all the PL spectra,
satisfactory fits with nine peaks were obtained by using the
Gaussian function and labeled as: V1, V2, V3, V4, V5, V6, V7, V8
and V9, as shown in Fig. 3(a—e). The oxygen ions in the CeO,
cubic fluorite structure were not tightly packed, resulting in
many oxygen vacancies while maintaining the basic fluorite
structure.'®' The photo-excitation mechanism in Ceria can be
defined by the Kroger-Vink notation® as
4Cece + 0,2Cece + 2Ceg, + Vo + (1/2) of O, (g). The symbols in
this equation have the following meanings: Ce,. is a Ce*" ion on

View Article Online
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a Ce lattice site, O, is an O, ion on an O lattice site, 2Ce, is
a Ce** ion on a Ce lattice site and V, is the neutral vacancy of
oxygen trapped in the V, cavity that provides the F centers. It is
called the F* center when a single electron is trapped and
denoted as the F™ center®?? when the vacancy is deficient of the
electron pair. In Ceria (CeO,), the energy levels of Ce 4f are
localized at the prohibited band and remain at around 3 eV
above the width of the valence band (O 2p) at 1.2 eV.>*** With
the defect levels located on the Ce 4f band and O 2p band, they
should produce broader emission bands. Fig. 2F shows a sche-
matic depicting the UV and visible emission peaks of CeO,.
Fig. 3a shows the PL emission spectrum of pure CeO, NMs,
which has nine emission bands at ~399, ~420, ~441, ~451,
~468, ~482, ~492, ~509 and ~539 nm. The near-band edge
emission was seen at ~399 nm, with the violet emission at
~420 nm, four blue emissions at ~441 nm, ~451 nm, ~468 nm
and ~482 nm, blue-green emission at ~492 nm and two green
emissions at ~509 and ~539 nm. A broad band was observed
for the emission peaks between ~400 and ~550 nm. The broad
near band edge emission based at 399 nm corresponded to
a band-to-band recombination phase, which is likely to involve
localized or free excitons.* The violet-blue emission bands were
from the surface defect between the bands Ce 4f and O 2p.* The
excitonic recombination of CeO, NMs was reflected by the blue
emission band (~441 nm).>”?® This was attributed to Ce**, 5d-4f
+'s shifts between the ground states *D (5d") and *Fs, (4f"). The
blue and blue-green emission bands at ~451 nm, ~469 nm,
~482 nm and ~492 nm were due to the transitions from various
defect levels to the O 2p band. The green emission bands
observed at 509 nm and 539 nm were due to the low density of
oxygen vacancies. The positions of the V1, V2,V3,V4,V5,V6,V7,
V8 and V9 emission bands of MCO, CCO, SCO and BCO NMs are
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Fig. 2 (a—e) The optical bandgap energy of CeO,, MCO,
showing the UV and visible emission peaks.
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Fig. 3 PL emission spectra of the (a) CeO,, (b) MCO, (c) CCO, (d) SCO and (e) BCO NMs.

given in Table 1. Owing to the falsification in the host CeO,
lattice using AMIs as impurities, the violet emission wavelength
of CeO, NMs was reduced compared with MCO, CCO, SCO and
BCO NMs. The emission values of the green bands (V8 and V9)
of the BCO NPs were increased compared to CeO,, MCO, CCO,
and SCO NMs. The increasing green emission yielded more
oxygen vacancies, ie., a larger number of ROS, which played
a vital role in the antibacterial efficiency of BCO NMs. The AMI,
namely Mg**, Ca*>*, Sr**, and Ba®', were substituted into the
CeO, lattice, confirming the changes in emissions.

FESEM was carried out for the morphological analysis of the
Ce0O,, MCO, CCO, SCO and BCO NMs, and the images are
shown in Fig. 4(a-e). The synthesized CeO, NPs exhibited
a spherical structure, and the MCO, CCO, SCO and BCO NMs
formed needle-like structures with a uniform grain boundary.
The average particle sizes were observed as 23, 19, 15, 13 and
10 nm for the CeO,, MCO, CCO, SCO and BCO NMs,
respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The chemical composition of the CeO,, MCO, CCO, SCO and
BCO NMs was investigated by energy-dispersive X-ray analysis,
as shown in Fig. 4(al-el). Based on the EDAX analysis, the
amounts of AMIs present in the doped CeO, NMs are given in
Table 2. In the MCO, CCO, SCO and BCO NMs, the metal
concentrations were observed at 1.56% Mg, 2.64% Ca, 1.06% Sr
and 1.84% Ba, respectively. In CeO, NPs, the atomic percent-
ages of Ce and O were observed at 36.80% and 63.20%,
respectively.

In the MCO and CCO NMs, the cerium content increased,
whereas the oxygen content reduced. In the CeO, NMs doped
with calcium, the levels of Ce and O were calculated to be
49.30% and 48.05%, respectively. A similar trend to the CeO,
NPs was observed in the chemical composition of the CCO NMs.
However, the cerium percentage decreased for the SCO and
BCO NMs, and the oxygen percentage increased. In the CeO,
NPs doped with Ba, the proportions of Ce and O were observed
to be 24.59% and 73.57%, respectively. The atomic percentages
of Ce and O were found to increase than the CeO, NMs due to

RSC Adv, 2021, 11, 30623-30634 | 30627
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Table 1 The PL emission values of the CeO,, MCO, CCO, SCO and BCO NMs

Peak position CeO, (nm) MCO (nm) CCO (nm) SCO (nm) BCO (nm)
Vi 399 398 400 397 398

V2 420 419 419 415 418

V3 441 440 440 441 440

v4 451 451 450 450 450

V5 468 468 468 468 468

V6 482 482 482 482 482

v7 492 492 492 492 492

V8 509 508 511 512 513

V9 539 538 539 539 542

ull Scale 4580 cts Cursor: 0.000 ull Scale 2930 cts Cursor: 0.000

2
ull Scale 1000 cts Cursor: 0.000

ull Scale 7410 cts Cursor: 0.000  Full Scale 6030 cts Cursor: 0.000

Fig. 4

the effect of the higher ionic radius of the Ba®>" metal ions
compared to the other AMIs, namely Mg>*, Ca®>" and Sr*".

FTIR spectroscopic studies

The FTIR spectra of the CeO,, MCO, CCO, SCO and BCO NMs
are shown in Fig. 5. The O-H peaks observed in the range of
3020-3650 cm ™ * corresponded to the water molecules. The O-H
stretching frequencies were observed at 3357, 3373, 3377, 3370
and 3375 ecm™! for CeO,, MCO, CCO, SCO and BCO NMs,
respectively. The asymmetric vibrations of C=0 stretching were
observed at wavenumbers of 1576, 1573, 1571, 1578 and
1579 cm™' for the CeO,, MCO, CCO, SCO and BCO NMs,
respectively. The corresponding C-O stretching frequencies
were centered at 1353, 1356, 1333, 1383 and 1369 cm ™' for the

Table 2 Elemental composition of the CeO,, MCO, CCO, SCO and
BCO NMs

Atomic%
Nanomaterials Ce (o) Doping amount Total
CeO, 36.80 63.20 — 100%
MCO 39.90 58.54 1.56 100%
CCO 49.30 48.05 2.64 100%
SCO 26.46 72.47 1.06 100%
BCO 24.59 73.57 1.84 100%

30628 | RSC Adv, 2021, 11, 30623-30634

(a—e) FESEM images and (al—-el) EDX spectra of the CeO,, MCO, CCO, SCO and BCO NMs.

NMs.”* Choudhury et al. reported the Ce-O-Ce stretching
vibration band at 1054 cm™'.* In the FTIR spectra, the Ce-O-Ce
stretching vibrations were observed at 1058, 1057, 1058, 1058
and 1048 cm™* respectively for the CeO,, MCO, CCO, SCO and
BCO NMs. In the literature, the Ce-O stretching bands have
been observed in the wavenumber range between 400-
1600 cm ™ ".2%*! In this work, the vibration frequencies of the Ce~
O bands were found to be at wavenumbers (967, 946, 954 and
968 cm '), (867, 864, 878, 865 and 858 cm 1), (725, 729, 740, 718
and 697 cm™ ') and (547, 546, 530, 548 and 545 cm ') for the
Ce0,, MCO, CCO, SCO and BCO NMs, respectively.

In general, the antibacterial efficiency of NMs depends on
size, surface area, polar surface and topography features. Elec-
trostatic attraction between the positively charged NPs and
negatively charged bacterial cells is also essential for the NMs to
act as biocidal materials; interactions with the nanomaterial
inhibits the growth of bacteria and stimulates ROS production,
leading to cell death.*** In particular, several studies on the
photo-generation of ROS on the surfaces of metal-oxide NPs
have been performed.***® Light with photo-energy superior to
the bandgap illuminates the NPs; the electrons (e”) of NPs are
excited through the bandgap to the conduction band, which
generates holes (h") in the valence band.*? The conduction band
electrons and the valence band holes show high reducing and
oxidizing ability. The electrons react with molecular oxygen to
generate a superoxide anion ('O,”) via a reduction process. In
an oxidative process, the holes can remove electrons from water

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fourier transform infrared spectra of the CeO,, MCO, CCO, SCO and BCO NMs.

molecules and hydroxyl ions to produce hydroxyl radicals
("OH).”” As a result, singlet oxygen (*O,) is often indirectly
produced from aqueous reactions. ‘O,” and "OH are powerful
and non-selective oxidants that can affect almost all forms of
organic biomolecules, including DNA, amino acids, lipids,
carbohydrates, nucleic acids and proteins.** '0, is predomi-
nantly a photocytotoxicity mediator and can irreversibly
destruct treated tissues,’ thereby causing oxidation and
degradation of the bio-membrane.** Although ‘O,  is not
a powerful oxidant, it has important biological implications as
a precursor to OH and '0,.” The increased ROS can be attrib-
uted to the small size of the NPs crystallites and the rise in the
number of oxygen vacancies.*

The mechanism of ROS production in CeO, and BCO NMs in
response to light irradiation is shown in Fig. 6. Table 3 provides
information related to the feasible biocidal mechanisms of the
CeO,-based NMs against various bacterial strains. The following
equations describe the formation of free radicals ("fOH and
"0,7) in CeO, and the mechanism underlying the antibacterial
activity of pure and BCO NMs.

© 2021 The Author(s). Published by the Royal Society of Chemistry

CeO, + hv — CeOs(e") + CeOs(h™)
CeO5(h") + H,O — CeO, + 'OH™ + H*
CeO,5(h*) + OH™ — CeO, + OH
CeOy(e™) + O, — CeO, + '0,~
‘0,” + HY - HO, *

2H02 f - 02 + H202

UV-Visible light is used to activate the electron from the
valence band to the conduction band, resulting in the genera-
tion of an electron-hole pair in both pure and BCO NMs. These
holes break the H,O molecule in the CeO, suspension into
‘OH™ and H'. The physisorbed oxygen molecules are converted
into chemisorbed "0,~, which react with H' to produce HO,’
radicals. H,O, molecules are formed when HO, reacts with
hydrogen to create hydrogen peroxide anions. The bacteria are
killed by the hydrogen peroxide molecules that slowly diffuse

RSC Adv, 2021, 11, 30623-30634 | 30629
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into the cell membrane from the surface of CeO,. However, the
negatively charged hydroxyl and oxide radicals (O, ™) will not be
transported into the cell but instead remain bound to the
bacterial intracellular wall; hence these active molecules
present effective bactericidal activity. The schematic represen-
tation of the interactions of pure and BCO NPs with the cell wall
and DNA are shown in Fig. 7.

During the interaction of the CeO, NPs with bacteria, the
NPs do not affect the cell structure. However, in the case of CeO,
NPs amalgamated with Ba, after interaction with the cell wall,
the additional hydroxyl radicals formed by the Ba** ions acti-
vated H,O, and contributed to cell death. As Ba atom integra-
tion reduced the size of the CeO, NPs unlike in the CeO,, MCO,

CCO and SCO NMs, the surface area of the Ba-amalgamated
CeO, NPs increased, making the surface more involved in
light irradiation and H,O adsorption.*

The disc diffusion method was employed to assay the anti-
bacterial activities of the CeO,, MCO, CCO, SCO and BCO NMs
against S. mutans and S. aureus. A fixed concentration of 2 mg
mL ! was used in this study to determine the efficacy of the
MCO, CCO, SCO and BCO NMs against the test species. The size
of inhibition zones (mm) around the different CeO, NP discs is
shown in Fig. 71, and the areas of inhibition are visible in
Fig. 71I. SCO and BCO NMs definitely inhibited the growth of S.
mutans (Fig. 711(a)) and S. aureus (Fig. 7II(b)). Although BCO

NMs showed the highest activity of all the NMs studied, their

Table 3 The antibacterial mechanism of CeO, NMs with different doping materials against various bacterial strains

Nanomaterials Bacterial name

Mechanism

Au@CeO, Staphylococcus aureus, Escherichia coli

Ce(Mn, Fe)O, Staphylococcus aureus, Escherichia coli

Ce0,/GO Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, Salmonella typhi
Escherichia coli, Staphylococcus aureus, Bacillus
cereus and Salmonella typhi

Pseudomonas aeruginosa, Staphyloccus aureus,
Bacillus subtilis and Escherichia coli
Escherichia coli, Staphylococcus aureus, Bacillus
cereus and Salmonella typhi

Sm-doped CeO,
Ce0,-AL0;,

Co-doped CeO,

CeO, Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa
Ce0,/CePO, Staphylococcus aureus, Bacillus cereus,

Escherichia coli, and Salmonella typhimurium

Polyindole/Ag-CeO, Staphylococcus aureus, Escherichia coli

Zr-doped CeO, Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Streptococcus fecalis,

Bacillus subtilis and Proteus vulgaris

30630 | RSC Adv, 2021, 11, 30623-30634

The near-infrared light could significantly enhance the antibacterial activity
of Au@CeO,, and the photothermal effect did not dominate the
enhancement®’

The zone of inhibition (antibacterial effect) increased with an increase in
the concentration of the dopant (Mn, Fe) elements*®

CeO,/GO showed the highest values; this confirmed that the interaction of
GO and CeO, as a nanocomposite enhanced the antibacterial activity*’
The antibacterial activity revealed that the killing efficiency of Sm-CeO,
increased with an increasing concentration of Sm*">°

ROS generation led to cell membrane disruption, protein denaturation, and
DNA losses, hindering bacterial growth™

The electrostatic interactions between the positively charged nanomaterial
and negatively charged bacteria aided the nanomaterial to penetrate the cell
wall and cause damage®?

The microorganism reduction in viable number indicates loss of inhibition
ability of CeO, nanomaterials™

The redox switching between Ce®*" and Ce"" in the CeO,/CePO,
nanocomposites might increase the penetrating ability of the positively
charged nanocomposites through the negatively charged bacterial cell wall,
causing bacterial cell damage™*

The improved antibacterial activity of the nanocomposites based on the
concentration of silver ions was due to the interaction between the cell wall
of the bacteria and the nanocomposites, which caused toxicity””

The antibacterial activity/sensitivity of the nanoparticles was associated
with the different bacterial cell wall structures®®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 () The antibacterial activity (zone of inhibition) of the NMs against Streptococcus mutans and Staphylococcus aureus. (ll) The gradual

antibacterial efficiency of the CeO,, MCO, CCO, SCO and BCO NMs toward (a) Streptococcus mutans and (b) Staphylococcus aureus. (lll) The
CeO,, MCO, CCO, SCO and BCO NMs were screened for antioxidant activity against DPPH-radical scavenging activity. (IV(a and b)) Photo images
(20x magnification) reveal the topographical changes seen in the L929 fibroblast cells. (c) Toxicity tests on L929 fibroblast cells treated for 24

hours with various concentrations of BCO NMs (2.5-15 g mL™%).

zones of inhibition against S. mutans and S. aureus were ~7 mm
and ~6 mm, respectively. MCO and CCO NMs showed moderate
activity (~4 mm) against S. mutans and were ineffective against
S. aureus. It has been shown that the small crystallite size of the
BaTiO, NMs induced a broad bandgap due to its redox force.
Increased production of reactive oxygen species (ROS) inside
the cell membranes in the presence of Ba>" ions and TiO, NPs
was observed in the case of BaTiO, NMs, resulting in improved
antibacterial activity.” It is also worth noting that since Ba
atoms can induce bacterial penetration, contact with sulphur-
and phosphorus-containing compounds inside the bacterial
membrane, such as deoxyribonucleic acid, causes cell death as
it impedes the respiratory chain.

Often, smaller-sized NPs indeed have higher antibacterial
activity than large-sized NPs. From the XRD results (Fig. 1a), the
particle size of the pure and AMI-doped CeO, NMs, namely
MCO, CCO, SCO and BCO, were found to be 5.2, 3.4 and 3.0, 3.7
and 2.3 nm, respectively. The size of BCO NMs was smaller
compared with the CeO,, MCO, CCO, SCO and BCO NMs. The
small BCO NMs penetrated the microbial cell membranes due
to their large interfacial area, thus displaying improved anti-
bacterial capacity. During ROS production, the -OH group
oxidizes the unsaturated fatty acids in the cell membrane,
affecting the fluidity of the cell membrane. The bandgap ener-
gies of the CeO,, MCO, CCO, SCO and BCO NMs were observed
to be 2.85, 2.9, 2.95, 3.0 and 3.1 eV, respectively. In comparison

© 2021 The Author(s). Published by the Royal Society of Chemistry

with the CeO,, MCO, CCO and SCO NMs, the band difference of
the BCO NMs was the largest, which was a significant factor in
its ROS-mediated toxicity. The presence of barium in the CeO,
matrix led to a substantial decrease in the number of viable
bacteria.

Since Ba ions interact with protein thiol groups, respiratory
enzymes are inactivated, resulting in the formation of more
ROS. The bandgap behavior of CeO, NPs plays a crucial role in
the toxicity caused by ROS. Ba causes many oxygen atoms to be
adsorbed on the surface of CeO,, releasing more ROS in the
suspension and putting the bacteria under intense oxidative
stress, thus raising the antibacterial action of the BCO NMs. The
PL spectra showed that the green emission wavelengths of BCO
NMs were ~513 nm and ~542 nm, while the observed green
emission wavelengths for CeO, NMs were ~509 nm and
~539 nm. This demonstrates that the BCO NMs had more
oxygen vacancies than CeO, NPs, resulting in more ROS. Other
potential mechanisms may include the interaction of the NMs
with biological macromolecules, such as carbohydrates, lipids,
proteins and nucleic acid. It is known that the bacterial cells
carry a negative charge, while the metal oxides are positively
charged.* This results in an electromagnetic attraction between
the microbes and the treated surface. When contact is made,
the microbe immediately becomes oxidized and dies. The
oxidative stress caused by ROS generation would establish the
needed intracellular functional modifications, leading to cell

RSC Adv, 2021, 11, 30623-30634 | 30631
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death. The NPs are thought to release metal ions that interact
with the -SH groups of the proteins protruding through the
microbial cell membranes,* allowing nutrients to pass through
the cell wall. The NM inactivates these proteins, thereby
reducing membrane permeability and ultimately leading to cell
death.’

In the clinical field, bactericidal agents are highly favored
because they result in a higher recovery rate from microbial
infections.*® The MIC and MBC results of SCO and BCO NMs
against S. mutans and S. aureus are given in Table 4. Fig. SI1 and
S121 show that 100% cell growth was present in the control
bacterial culture. The percentage of bacterial cell growth
decreased on increasing the concentrations (200, 400, 600, 800,
1000, 1500 and 2000 pg mL ") of the SCO and BCO NMs. The
MBC values of the SCO and BCO NMs against S. mutans were
1500 and 1000 pg mL™, respectively, while the MBC values of
the SCO and BCO NMs treated with S. aureus were 2000 and
1500 pug mL ™", respectively, as seen in Table 4. The minimum
amount of BCO required to inhibit bacterial growth was
observed as 600 and 800 pg mL™* for S. mutans and S. aureus,
respectively.

The bandgap activity of CeO,, MCO, CCO, SCO and BCO NMs
was a significant factor in ROS-mediated toxicity. The UV-vis
tests revealed that the bandgap of CeO,, MCO, CCO, SCO and
BCO NMs was 2.85, 2.9, 2.95, 3.0, and 3.1 eV, respectively. When
compared with CeO,, MCO, CCO and SCO NMs, the bandgap of
BCO NMs increased. It was discovered that Ba caused a higher
amount of oxygen atoms to be adsorbed on the surface of CeO,,
resulting in more ROS in the suspension and hence the density
of oxidative stress on the bacteria; hence, CeO, NPs doped with
Ba enhanced the antibacterial response. Antioxidants or free-
radical scavengers are substances that can effectively scavenge
or slow down the cell damage caused by free radicals.*® The
DPPH assay of CeO,, MCO, CCO, SCO, BCO, and butylated
hydroxytoluene is shown in Fig. 4111, and they all showed free-
radical-scavenging ability. An increase in the concentrations
of CeO,, MCO, CCO, SCO and BCO NMs increased the inhibi-
tion percentage. CeO,, MCO, CCO, SCO and BCO, as well as
butylated hydroxytoluene, displayed radical-scavenging activi-
ties at concentrations 200 to 1000 g mL™ ', with activity
percentages of 57.4%, 55.9%, 51.68%, 65.51%, 67.96% and
49.68%, respectively. BCO NMs showed better scavenging
characteristics than the other CeO, NMs. Smaller sized NMs
exhibit potential against tested bacteria due to the larger
surface area and higher antioxidant activity than bigger sized
NMs. The particle sizes of CeO,, MCO, CCO, SCO and BCO NMs

Table 4 The MIC and MBC values of SCO and BCO against S. mutans
and S. aureus

S. mutans S. aureus

MIC MBC MIC MBC
Compound (mgmL™") (mgmL ') (mgmL ') (mgmL ")
SCO 1 1.5 1 2
BCO 0.6 1 0.8 1.5
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were found to be 5.2, 3.4, 3.0, 3.7, and 2.3 nm, respectively,
based on XRD results. The BCO NM size was reduced compared
to CeO,, MCO, CCO and SCO NMs. Conversely, it was deter-
mined from the analysis that BCO NM exhibited improved
biocompatibility, scavenging activity, and biocidal properties,
and it can surely be used in the healthcare industry, especially
in the biomedical field. The in vitro cytotoxicity assay of BCO on
L929 cells showed some surface morphological changes under
a light microscope, as shown in Fig. 7IV(a and b). The untreated
control cells revealed a uniform fusiform structure (cell viability
of 100%) and did not exhibit injury to the cell membrane
(Fig. 7Iv(a)). On the surface of the fibroblasts, there is the
formation of a uniform fusiform BCO NM structure (Fig. 7IV(b))
(cell viability of 89.45%) (Fig. 7IV(c)). This result showed that
the BCO NM exhibited a minimum toxicity percentage in
comparison with the control group. However, BCO is a potential
and important NM as a non-toxic additive suitable for advanced
cosmetic skin-care products and clinical applications in the
medical field.*®

Conclusions

In this investigation, CeO,, MCO, CCO, SCO and BCO NMs were
successfully prepared via the precipitation method. The XRD
analysis revealed that CeO,, MCO, CCO, SCO and BCO NMs
exemplified the cubic fluorite crystal structure of CeO, with the
mean crystallite sizes of 5.2, 3.4 3.0, 3.7 and 2.3 nm, respec-
tively. The FESEM images exhibited that the morphology of
CeO, NMs was spherical, whereas the MCO, CCO, SCO and BCO
NMs exhibited needle-like structures. The elemental composi-
tions of the CeO,, MCO, CCO, SCO and BCO NMs were esti-
mated through EDAX. In the FTIR spectra, the Ce-O stretching
bands appeared at wavenumbers 547, 546, 530, 548 and
545 cm™ ' for CeO,, MCO, CCO, SCO and BCO NMs, respectively.
The absorption edge peaks of the CeO,, MCO, CCO, SCO and
BCO NMs were observed in the UV-vis spectra at ~435, ~427,
~420, ~413, and ~399 nm, respectively. Because of the photo-
excitation of an electron from the valence band to the conduc-
tion band, the PL results revealed that the emission peaks of the
MCO, CCO, SCO and BCO NMs had moved compared with that
of CeO, NPs. Further, the antibacterial activity of BCO NMs was
found to be higher those that of the CeO,, MCO, CCO, and SCO
NMs. The antibacterial effect was mainly due to the ROS of the
CeO, NPs, and hence, the BCO NM exhibited less toxicity toward
healthy fibroblast cells (L929). These NMs will be useful in
biomedical applications, including the treatment of dental
caries, infective endocarditis, and bloodstream infections that
can infect almost any site in the human body and bones.
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