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Abstract: Bio-inspired synthesis is a novel and attractive environmentally friendly route to generating
inorganic materials. In this work, the preparation of CeO, NPs using egg white and investigation
of their antibacterial properties both in liquid and solid growth medium against Escherichia coli and
Staphylococcus aureus bacteria were reported. The CeO, nanoparticles were characterized using X-ray
diffraction (XRD), Field emission transmission electron microscope (FETEM), UV-Vis, Raman, and
antibacterial measurements. The results from XRD and TEM analysis showed that the prepared
nanoparticles were a single phase in the nano regime (5-7 nm) with spherical shape and uniform size
distribution. Optical properties reflected the characteristics peaks of CeO, in the UV-Vis range with a
bandgap ~2.80 eV. The antibacterial activity of the synthesized NPs was achieved under ambient
conditions with different bacteria and the results showed that the properties were different for both
the bacteria. The highest activity with an inhibition zone of about 22 mm against S. aureus was
obtained as compared with the 19 mm zone of inhibition obtained with E. coli. This finding will be of
major significance that indicates a possibility to develop CeO, NPs as antibacterial agents against
extensive microorganisms to control and prevent the spread and persistence of bacterial infections.
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1. Introduction

During the last few decades, there has been a significant advancement in the design
of nanomaterials and their potential applications in multidisciplinary science [1]. Mi-
croorganisms have produced pollution and contamination by causing degradation and
infection in various fields such as the textile industry, water treatment, medicine, and
food packaging. The current antibacterial agents are composed of chemically modified
natural compounds that exhibit antibacterial properties that locally kill bacteria or hamper
their growth, still being non-toxic to the surrounding environment [2]. The mostly used
antibacterial agents include purely natural products, e.g., aminoglycosides, as well as
purely synthetic antibiotics; e.g., sulfonamides. Antibacterial agents are paramount to
fight infectious diseases. However, these advantages come along with detriments. The
emergence of bacterial resistance to antibacterial drugs has arisen as a major problem.
Thus, as the bacteria developed resistance against many conventional antibacterial agents,
infectious diseases remain one of the extreme challenges to health worldwide. Nonetheless,
researchers have been working to develop new pasteurization and antibacterial techniques
to treat these bacterial diseases to solve such health issues [3,4]. The search for new antibac-
terial agents is based on withholding the use of conventional methods which use organic
compounds and to investigate the inorganic nanomaterials for the required antibacterial
properties. The main advantages that inorganic nanomaterials like oxides possess over
organic antimicrobial agents are their stability, robustness, and long shelf life.
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Among inorganic nanomaterials, cerium oxide (CeO,) nanoparticles are excellent
candidates for multiple industrial, commercial, and biomedical uses. They have a wide
range of industrial applications such as catalysts [4], fuel cells [5], ultraviolet absorbers [6],
hydrogen storage materials [7], oxygen sensors [8], optical devices [9], and polishing
materials [10]. Recent reports have revealed that CeO, NPs exhibit antioxidant activ-
ity at physiological pH values [11]. Soren et al. demonstrated the antioxidant potential
and toxicity study of CeO; nanoparticles [11]. This property enables it to protect cells
against radiation damage, oxidative stress, or inflammation. Thereby, CeO; is utilized in
biomedical applications [12,13]. Various methods developed to prepare CeO, nanopow-
ders include sol-gel [14,15], hydrothermal [16-18], chemical precipitation with urea or
hexamethylenetetramine [19], flame spray pyrolysis [20], reverse micelles route [21,22],
combustion method [23], sonochemical, and microwave-assisted heating routes [24,25] as
well as a complex thermo-decomposition method [26]. Additionally, Nyoka et al. reported
a review article on the synthesis of CeO, nanoparticles. In this review article, they de-
scribed the various approaches used for the synthesis of CeO, nanoparticles and discussed
their biomedical applications [27]. However, most of these techniques involve multistep
syntheses and aging processes. This leads to an undesirable consumption of time and
energy. These methods are also not environmentally friendly. In addition, the synthesis of
particles with extremely small sizes causes a huge upsurge in the complexity and the cost
of manufacture. Therefore, finding simple and cost-effective procedures to prepare CeO,
NPs, which are non-toxic and environmentally friendly is still a key issue.

While searching for new methods, bio-inspired synthesis has emerged as a novel and
attractive route to generate inorganic substances, which address the above-mentioned
issues effectively. The bio-inspired procedures are directed through the utilization of
proteins and peptides. This makes the reaction conditions much milder as compared to
those provided by the conventional methods of material processing. Peptides and proteins
facilitate chemical reactions of inorganic materials in a aqueous solutions at or near room
temperature and at neutral pH. In addition to this, the use of proteins and peptides drives
the bio-enabled synthesis towards inherent “green” processing of materials. This happens
because they lower the energy input and facilitate the reaction without the use of any kind
of organic solvents and thereby synthesize the materials naturally. There are other benefits
of exploiting biomolecules, for instance, the exquisite control that is intruded by proteins
and peptides on the size, shape, chemistry, and geometrical structure of the inorganic
product. This is significant as, in general, various properties of the synthesized materials
are influenced by these characteristics. For example, egg albumen, being a complex mixture
of proteins, has been broadly utilized as a functional protein ingredient for the processing
of food items due to its excellent foaming, emulsification, and gelation properties. Each
protein component in egg white albumen possesses a different isoelectric point (pI) [28-30].
Maensiri et al. reported the optical properties of CeO, nanoparticles synthesized using
the egg white (EW) method [29]. They have synthesized CeO, nanoparticles using cerium
(IIT) acetate hydrate as a starting precursor. In their typical synthesis, the mixed solution
was evaporated by heating on a hot plate at 80 °C under vigorous stirring for several
hours until a dried precursor was obtained. They obtained the platelike structure of CeO,
nanoparticles having a particle size of 6-30 nm.

Kargar et al. [30] also prepared the CeO, nanoparticles by keeping the reaction time
for 8 h. The resulted CeO, nanoparticles were 25 nm in size. By comparing the biological
applications, Kargar’s work reported in vitro cytotoxicity effects; however, in our work,
we have shown the potential of CeO, nanoparticles as an effective antibacterial agent for
both the Gram-negative and Gram-positive bacteria. These groups demonstrated that
the synthesis of CeO, nanoparticles by utilizing food and bio-derived materials (i.e., EW)
is cost-effective, simple, and environmentally friendly. This technique is an alternative
route for the synthesis of nanoparticles in comparison to those obtained from conventional
preparation method that uses hazardous material.
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In this work, CeO, NPs were prepared using egg white and investigated their an-
tibacterial properties using two types of clinical isolates of E. coli and S. aureus. Since
egg white is an abundant, cheap, and environmentally benign biomaterial, it synthesizes
the inorganic functional materials via bio-inspired manufactures. The prepared CeO,
product was characterized by using XRD, FETEM, UV-Vis, Raman, and its antibacterial,
and antibiofilm potential were also identified. This method will provide a simple and green
route for biomaterials assisted synthesis of advanced functional materials for their use in
biomedical applications.

2. Experimental Details
2.1. Synthesis Method for the Preparation of CeO, Nanoparticles

Analytical grade and as received reagents were utilized in the experiments without
further purification. For the synthesis, cerium (III) nitrate hexahydrate, Ce(NO3)3-6H,O
(99.9% purity, Aldrich, St. Louis, MO, USA), and freshly extracted egg white (ovalbumin)
were taken as the raw materials. The typical bio-inspired procedure was followed. First, a
homogeneous solution was prepared by mixing 50 mL of egg white in 40 mL of deionized
water under vigorous stirring at room temperature (27 °C). Subsequently, the desired
amount of Ce(NOj3)3-6H,O precursor was added gradually to the above obtained solution
while maintaining vigorous stirring at room temperature. The stirring was continued for
another 2 h to get a well-dissolved solution. During the stirring, the reaction was facilitated
by the extracted egg white which acted as a matrix for the entrapment of cerium ions
resulting in a gelled precursor. During the process, no pH adjustments were carried. The
heating was started on the hot plate and maintained at 70 °C while keeping the solution
under vigorous stirring for several hours. The solution was allowed to evaporate until a
dried precursor was obtained. The remained product was ground to make a fine powder
with the help of a mortar and pestle. Finally, the nanoparticles were obtained when the
crushed powder was put in a furnace for annealing in the air.

2.2. Characterizations

The purity of the phase and structural studies of the synthesized nanoparticles were
studied through XRD, SAED pattern, UV-vis, and Raman spectroscopy. The XRD pattern
was recorded using the Philips X-pert X-ray diffractometer X'pert; (MPD 3040, EA Almelo,
The Netherlands) with Cu Kot (A ~ 1.5418 A). Morphological studies were carried out by
FETEM (JEM 2100 F, Corporation Place, Singapore). The Raman spectrum was measured
using a micro-Raman spectrometer (NRS-3100, JASCO, Easton, MD, USA). The optical
absorption spectrum was measured in the range of 250-800 nm at room temperature using
a UV-VIS spectrophotometer (S-4100, SINCO Instrument Co., Seoul, Korea)

2.3. Antibacterial Assessment

The antibacterial activity of CeO, NPs was tested by the standard agar well diffusion
method. The standard strains of E. coli and S. aureus bacteria were used for testing. These
bacterial strains were grown on LB (Luria Bertani) Broth at a temperature of 37 °C overnight
up to a turbidity of 0.5 Mac Farland standard (108 CFU/mL). The required amount of
CeO; NPs suspension was used to inoculate petridish filled with LB (Luria Bertani) agar.
After punching the wells (diameter ~ 6 mm) in the agar plates, they were filled with
nanoparticles solutions. The incubation of LB agar plates was carried out overnight at
37 °C. After the treatment with nanoparticles, the samples were spread on nutrient agar
plates. The inhibition was determined using the inhibition zone surrounding the disk.
The average diameter of the zone was noted. Further, to determine the turbidity of the
samples, optical density (OD) was measured in a spectrophotometer. At the last, the
bacterial inoculum was transferred into a liquid suspension of bacteria in a nutrient broth.
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2.4. Antibiofilm Assessment

Antibiofilm activity of the synthesized NPs was performed using a method as de-
scribed by Dwivedi et al. [26]. The microtiter plate was seeded with 100 pL of freshly
grown bacterial cells, after 96 h incubation, the wells were then stained with 0.25% crystal
violet followed by incubation at 37 °C for 30 min. The wells were, then, washed and
air-dried. Lastly, the bound stain was solubilized in 200 pL of ethanol (99.9% Aldrich, St.
Louis, MO, USA).

3. Results and Discussion

The purity of the phase of CeO, NPs and their crystalline structure was investigated
using XRD analysis. Figure 1 displays the XRD profile of CeO, NPs. The analysis was
carried precisely by the Rietveld refinement process using the FullProof program [31].

— CeO, NPs
=
i —— EXD.
- —Fit
—_ — Deffrence
5 |  Bragg angles

Intensity (a.u.)

20 40 29 (degree) 6 80

Figure 1. XRD patterns of CeO, NPs at room temperature.

The spectral lines marked by the black sphere represent the experimental curve while
the fine purple line indicates the calculated spectra. The green line represents the difference
between experimental and fitting spectra. The location of Bragg’s positions is demonstrated
by the red lines seen in Figure 1. The goodness factor of the fitting (x?) was found between
~0.4. It can be seen from Figure 1 that the Bragg’s positions observed at 28.46°, 33.04°,
47.43°, 56.32°, 59.23°, 69.32°, 76.67°, and 79.12° correspond to Miller planes (111), (200),
(220), (311), (222), (400), (331), and (420), respectively. All the planes observed in the XRD
pattern are successfully indexed to possess face-centered cubic (FCC) crystal structure with
a space group Fm-3m (JCPDS card no.75-0151) [32,33] and observed peaks are consistent
with the standard peaks of CeO, with Fm3m (Os},) space group symmetry. The absence
of any extra peak within the range of detection limit of the XRD diffractometer infers
the single-phase nature of CeO, NPs. The crystallite dimensions of CeO, estimated by
Scherrer’s equation [34] were found ~5 nm. Additionally, the lattice strain calculated using
equation 4e = 3 cos 0 [35], was found 1.2 x 102

A transmission electron microscope was used for morphological analysis by measuring
the size and shape of the CeO, NPs. The TEM micrographs of CeO, NPs are illustrated
in Figure 2. The TEM micrograph shows a narrow distribution of particles. It has been
observed from the TEM image that the NPs have quasi-spherical shapes with moderate
agglomeration. The histogram measuring the particle size distribution, shown in the upper
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inset of Figure 2, was determined using ~200 randomly selected individual nanoparticles.
The average size of the particles is observed ~6.8 nm. Generally, the crystallite indicates
the crystal quality as associated with the increases in surface area to volume ratio. This,
further, is accompanied with an increase in deformation of surface texture and oxygen
vacancy related defects. Further, the crystal structure of CeO, NPs was studied using the
selective area electron diffraction (SAED) pattern. The rings observed in these patterns
were successfully indexed to the FCC structure of CeO, NPs. The SAED pattern was
determined by focusing the electron beam on the individual nanoparticles, which indicate
the presence of any impurity phase. The location of the planes was identified with (111),
(200), (220), and (311) orientations with respect to the colorful ring patterns of increasing
diameters respectively, and the crystalline planes are identified in agreement with the cubic
fluorite structure of CeO, NPs. The SAED results are analogous with the XRD indexing.

0 4 8 12 16 20
Particle size (nm)

Figure 2. TEM micrograph of CeO, NPs. The upper inset shows the particle distribution histogram and the lower inset

corresponding SAED patterns of CeO, NPs.

Raman spectroscopy is a powerful method for getting evidence of the crystal phase,
lattice vibrations, sublattice stoichiometry of metal-oxides, defects, and the modifications
in the crystallite dimensions. Indeed, the detailed information of the geometrical structure
of the CeO; system is important for understanding the nature of defects that arise at the
surfaces during the synthesis and their influence on the optical properties of the synthesized
product. Figure 3 shows the Raman spectra of CeO, NPs.

It can be easily observed that this spectral peak completely resembles to that of CeO,,
in which the location of the main Raman active mode (Fpg) at 460 cm ™! has been ascribed
to the symmetrical vibrations of Ce-O [36] bonds. This symmetrical stretching is affected by
any kind of molecular disorders in the local environment around Ce. Hence, the Fzg mode
sensitive to the non-stoichiometry induced in O-sub-lattice. Further, the Fo; mode observed
for synthesized CeO, (462.43 cm™!) lies very close to its characteristic Raman frequency
(460 cm~1) [37]. We also learn by scrutinizing the peak that the peak corresponding to
CeO, NPs is absolutely symmetric and the broadening in Fo; mode compare to the bulk
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CeO; may be originated as a result of an increase in the lattice point defect such as the
oxygen vacancies.

! CeO2 NPs

Intensity (a.u.)

200 400 600 _ 800
Raman Shift (cm )

Figure 3. Room temperature Raman spectrum of CeO, NPs.

Inset in Figure 4 represents the UV-Vis spectrum of CeO2 nanoparticles measured in
the 250-800 nm range. The analysis of the UV absorption spectra of CeO, NPs shows sharp
absorption edges. The absorption spectra are observed when the electronic transitions occur
from valance band maximum to conductivity band minimum in the lattice. The average
absorption below 374 nm has been observed which means that the radiations with energy
corresponding to wavelength below 374 nm are capable enough to set up the electronic
transitions between the valence band and the conduction band. Further, the bandgap
has been determined using Schuster—-Kubelka—Munk absorption function for direct gap
semiconductors [38]. The graph between (ahv)? and ho [39] has been plotted as shown

: . : : _ Absorbance _ 1240
in Figure 4, where, the absorption coefficient, & = Thickness of sample () and hv = ~5= [40].

The straight region of the curve corresponds to direct gap energy. This straight regime of
the plot (cchv)? Vs hv is extrapolated in order to obtain an intercept on the x-axis which has
been found to be 2.8 eV for CeO, NPs.

It is observed that as-prepared CeO, NPs demonstrated the broad-spectrum antimi-
crobial activities to cease the Gram-negative and Gram-positive bacteria. The CeO, NPs
exposure to two different test microorganisms including E. coli as well as S. aureus resulted
in the formation of inhibition zones. Figure 5 shows the inhibition zones obtained in the
presence of CeO, NP solutions, the diameter of which has been found to be 16 and 22 mm
for E. coli and S. aureus, respectively. The largest zone of inhibition was observed for CeO,
NPs toward S. aureus while keeping the concentration of nanoparticles fixed. The large
surface area may have played a vital role towards the efficient antimicrobial property of
CeO, NPs as this delivers enhanced contact with the microorganisms.
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Figure 4. Tauc’s plot for the absorption of CeO, NPs. Inset shows the UV-Vis spectrum of
CeO; nanoparticles.

Figure 5. Zone of inhibition obtained with CeO, NPs for (a) E. coli and (b) S. aureus.

The optical density (OD), which is used to measure the turbidity, is measured at
570 nm using an ELISA reader from Thermo Fisher Scientific (Waltham, MA, USA). The
Bacterial inoculum is, for the measurement, introduced in a nutrient broth within a liquid
suspension of bacteria. It is observed that, in the suspension, along with the development
of bacterial population, the increase in the turbidity (OD) of the suspension also takes place.
The higher value of turbidity infers that the bacterial inhabitants are also greater. It is found
that the turbidity (OD) of the solution reduces after introducing an antimicrobial agent.
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This may happen due to the killing of the bacteria by the antimicrobial agent. This method
delivers a fast as well as a convenient approach for testing the anti-microbial activities of
liquid formulations. ODs, as a function of time, have been measured periodically up to
24 h of the control (0 ppm) and the solutions possessing different concentrations (10, 20,
and 50 ppm) of CeO, NPs towards E. coli (Figure 6) as well as S. aureus (Figure 7).

0.8 .
E. coli
1 —®—(0 ppm)
—O®— (10 ppm)
0.6+ (20 ppm)
—— (50 ppm)

Optical Density

3 6 9 12 15 18 21 24
Time (hours)

Figure 6. Optical densities as a function of time of E. coli in the presence of CeO, NPs.

0.8
S. aureus
1 —®— (0 ppm)
—®— (10 ppm)
2 06411 (20 ppm)
E 1~ (50 ppm)
o
2 0.4
<
& J
';Q
& 0.2-
0.0 44

Time (hours)

Figure 7. Optical densities as a function of time of S. aureus in the presence of CeO, NPs.
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It could be clearly observed from Figures 6 and 7 that the increasing concentration
of CeO, NPs affects the growth of bacteria. The growth of both the bacteria viz. E. coli, as
well as S. aureus, was found to be reduced with increasing concentration of CeO, and the
highest concentration of the CeO, NPs (50 ppm) was determined to strongly impede the
growth of all the bacterial test strains. Thereby, in particular, CeO, NPs produced higher
toxicity to S. aureus with a fixed concentration of 50 ppm, thus the growth was inhibited
much more than E. coli. Further, the antibiofilm potential of CeO, NPs was analyzed on
these clinical isolates and data revealed the 80% and 72% inhibition of formation of biofilm
in S. aureus as well as E. coli at the concentration of 50 ppm respectively (Figure 8).

S. aureus
=
=
(=]
=
w
N
«
[-?]
=
]
)
}
=]
7]
=2
<
Ct 10 20 50
CeO, Concentration (ppm)
Lo E. coli
E 0.8
[—}
o~
w
= 0.6
%]
=
g
= 0.4
(=}
17}
=
<«
0.2
0.0

Ct 10 20 50

CeO, Concentration (ppm)
Figure 8. Inhibition on E. coli and S. aureus biofilm formation at different concentrations of CeO, NPa.

The nanomaterials are illustrious to exhibit long-lasting inhibitory effects on a wide
spectrum of bacterial strains [41]. Various possible mechanisms have been suggested by
many investigations which explain the interaction of nanomaterials with the biological
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macromolecules. Cerium is the most abundant lanthanide out of all the rare-earth elements
found in the earth’s crust (average concentration of 50 ppm) [42]. Cerium is a very reactive
rare earth metal and is a strong oxidizing agent with dual oxidation states that is stabilized
when associated with an oxygen ligand [43]. Generally, nanomaterials coordinate to
electron-donating groups such as thiols, carboxylates, amides, imidazoles, indoles, and
hydroxyls and deactivate cellular enzymes and DNA. They create pits in the walls of the
bacterial cell leading to the enhanced permeability through the wall causing cell death [44].
The small size of CeO, NPs infers that it exposes a greater surface area to come in contact
with the wall of the bacterial cells as a result it will exhibit a higher degree of interaction [45].
The CeO; NPs with a size smaller than 10 nm interact effectively with the bacteria and
generate electronic effects, which boost the reactivity of NPs.

4. Conclusions

In brief, spherical shape and uniformly distributed CeO, NPs were successfully syn-
thesized by using an egg white assisted biological approach. XRD and SAED results show
a high crystalline nature and face-centered cubic geometry of the CeO, NPs. TEM micro-
graphs confirmed the formation of spherical, and highly dispersed CeO, NPs (~6.8 nm)
with fcc structure. UV-Vis absorption spectrum shows the characteristic of CeO, NPs with
an energy bandgap of 2.80 eV. Raman spectrum measured at room temperature further
confirms the highly crystalline quality of the prepared CeO, NPs. The measured antibacte-
rial activity of the prepared CeO, NPs clearly demonstrates the excellent activity of these
nanoparticles to curb Gram-positive and Gram-negative pathogenic bacteria, showing the
highest activity for S. aureus. The presented approach to synthesize CeO, NPs by using
the biological approach of egg white could provide a novel and cost-effective way for the
inhibition of bacterial infections by the use of CeO, NPs.
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