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ABSTRACT

Objective(s): This study explores the biosynthesis of cerium oxide nanoparticles using aqueous extract of
Equisetum ramosissimum Desf as both a reducing and stabilizing agent and evaluates its antibacterial activity
against cariogenic streptococcus mutans.

Materials and Methods: Cerium oxide nanoparticles were synthesized and characterized using UV-VIS,
FTIR, XRD, FESEM, EDX, DLS, and Zeta potential analyses. Antibacterial activity against S. mutans was
evaluated via the agar well diffusion method.

Results: Optical analysis revealed an absorption peak within the 307-314 nm range, suggesting a bandgap
value of 3.04-3.37 eV. FTIR analysis confirmed Ce-O stretching vibrations and bonds with phytochemicals
from the E.ramosissimum Desf extract on the nanoparticle surfaces. XRD showed a cubic fluorite structure
with a crystalline size of 5.99-11.74 nm. FESEM imaging depicted uniform, nearly spherical nanoparticles
with estimated sizes ranging from 22 to 31 nm. The EDX spectrum indicated the presence of cerium and
oxygen signals, affirming the purity of the fabricated nanoparticles. DLS results corroborated the average
nanoparticle size (28.11-54.61 nm), in agreement with FESEM findings and zeta potential values (-11.4 to
29.2 mV) indicating moderate stability of nanoparticles. Antibacterial assays showed significant inhibition
zones (20-32 mm) against S. mutans.

Conclusion: The green-synthesized CeO,-NPs exhibit promising antimicrobial efficacy against S. mutans,
suggesting their potential for dental applications. Furthermore, employing plant extract for cerium salt reduction

presents a promising avenue for reducing the environmental impact associated with chemical synthesis.
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INTRODUCTION

Dental caries is a multifactorial oral disease
that causes demineralization of dental hard
tissues. According to data provided by the World
Health Organization (WHO ), the prevalence of
dental caries ranges from 60 to 80% in children
and about 100% in adults [1]. Streptococcus
mutans is well recognized as the primary oral
bacteria responsible for the formation of dental
caries [2]. It primarily functions by producing
sticky and insoluble extracellular polysaccharides,
such as glucan, using the glycosyltransferase (GTF)
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enzyme which results in the creation of a biofilm
on the tooth surface [3]. Despite many successful
protocols that have been implemented to prevent
and control dental caries, it remains a popular
oral health problem in some countries [4, 5].
Furthermore, antimicrobial agents that have been
reported so far to decrease the occurrence of
dental caries may have side effects [6]. Considering
the development of bacterial resistance to
antibacterial agents [7], it is crucial to search for
new antimicrobial agents that have minimal side
effects and do not induce bacterial resistance
mechanisms. In light of this, nanotechnology is
regarded as a formidable asset.

With the advancement of nanotechnology,
researchers have made substantial progress in
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creating new antimicrobial materials for biomedical
applications. Among these, metal and metal oxide
nanoparticles stand out. Their ability to combat
microbes stems from their small size and large
surface area compared to their volume. These
properties allow them to strongly interact with
bacterial membranes, resulting in a wide range of
antimicrobial effects beyond just releasing metal
ions[8,9]. Many different nanoparticles have been
tested against microbes for their antimicrobial
efficacy including AgO, Ag,0, AL,O,, TiO,, ZnQO, CuO,
Co,0,, In,O,, MgO, SiO,, ZrO,, Cr,0,, Ni,O,, Mn.O,,
CoO, NiO, and CeO, [10].

Several in-vitro studies have investigated
the antimicrobial efficacy of plant-mediated
nanoparticles against oral pathogens. Zinc oxide
derived from Avicennia marina mangrove leaves
exhibited significant antibacterial activity against
Streptococcus mutans [11]. Similarly, titanium
dioxide nanoparticles, in combination with
grape seed extract, demonstrated enhanced
antibacterial effects against Streptococcus mutans
and Lactobacillus [12]. Additionally, biologically
synthesized silver nanoparticles showed notable
antibacterial effects against Escherichia fergusonii
and Streptococcus mutans [13]. In another study,
the stannous nanoparticles mediated by Citrullus
lanatus demonstrated effectiveness against
Streptococcus mutans [14].

Cerium, an abundant rare earth metal
classified within the lanthanide series of the
periodic table, exhibits dual valence states—
trivalent (Ce3+) and tetravalent (Ce4+)—giving rise
to cerium dioxide (CeO,) and cerium sesquioxide
(Ce,0,). Cerium oxide nanoparticles exhibit
outstanding capabilities in antioxidation, redox
reactions, and antibacterial effects, as well as
versatile applications spanning magnetic, optical,
electrochemical, physicochemical, and biomedical
fields [15, 16].

Several investigations have detailed both
chemical and physical methodologies to produce
metal and metal oxide nanoparticles. However,
these techniques rely on harmful reducing
solvents, posing significant risks to biodiversity and
ecosystems. Additionally, nanoparticles produced
through these methods tend to be toxic and
unstable, reducing their efficacy. Consequently,
researchers have recently turned to a safer, less
toxic approach referred to as Green Synthesis.
This approach utilizes diverse biological resources
like plants, microbes, or their derivatives, which
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contain abundant phytochemicals like phenolic
compounds, amines, enzymes, and flavonoids.
These compounds are thought to contribute to the
reduction of bulk salts, facilitating the stabilization
of resulting nanoparticles [17-19].

The medicinal plant Equisetum ramosissimum
Desf, commonly known as ‘Horsetail’ and a
member of the Equisetaceae family, is distributed
globally. Traditionally, its aerial parts considered
an herbal remedy, have been used for treating
various conditions, including urinary-related
issues like kidney stone formation, stomachaches,
skin disorders, bone fractures, joint pains, and
rheumatism. Rather than its application in urinary
tract infections (UTIs), this plant has been utilized
for addressing inflammation, respiratory ailments,
gastrointestinal troubles, skin conditions (itching,
scabies), gonorrhea, rheumatism, female fertility,
back pain, muscle ache, fever, sunstroke, and
blood pressure regulation[20-22]. Studies have
highlighted Equisetum ramosissimum’s richness
in  phytochemicals, encompassing saponins,
flavonoids, alkaloids, phenolic compounds, and
tannins [23-25].

This study focused on synthesizing CeO,
nanoparticles via green synthesis, employing
different concentrations of E. ramosissimum Desf
extract. Additionally, the research evaluated the
antibacterial effectiveness of these nanoparticles
against clinically isolated cariogenic Streptococcus
mutans. To our knowledge, this is the first study
detailing the green synthesis of CeO, nanoparticles
utilizing E. ramosissimum Desf extract.

MATERIALS AND METHODS
Materials and reagents

Cerium nitrate hexahydrate (Ce (NO3)3-:6H20),
sodium hydroxide (NaOH), brain heart infusion
broth (BHI), and Mueller Hinton Agar (MH) were
obtained from Sigma Aldrich. Throughout the
experimental processes, deionized and double
distilled water were used.

Methods
Preparation of Equisetum ramosissimum Desf
aqueous extract

The aerial parts of E.ramosissimumDesf were
gathered from Choman Town, situated in Erbil
city within the Kurdistan region of Iraq. To ensure
their precise identification, the plant specimens
underwent thorough examination and validation
at the Herbarium of the Department of Biology,
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College of Sciences, Salahaddin University - Erbil.
Following collection, the aerial materials were
meticulously cleaned and subsequently shade-
dried under room temperature conditions for
seven days. Subsequently, these dried materials
were finely powdered. The preparation of the E.
ramosissimum Desf aqueous extract is done by
mixing 30 g of powdered plant material with 150
mL of distilled water in a 5:1 ratio. This mixture
was then agitated for 8 hr at a temperature of 40°C
with a speed of 150 rpm. The resulting solution
underwent a double filtration process using
Whatman paper No. 1[25]. The filtrate obtained
from this process was kept in a sealed container at
4°C for subsequent use.

Phytochemical analysis of the plant extract

The preliminary phytochemical screening
of E. ramosissimum Desf extract was done to
confirm the presence of different phytochemicals
like flavonoids(sodium hydroxide test),
alkaloids(Hager’s test), phenols and tannins(ferric
chloride test), and saponins (frothing test)
using standard procedures [26]. Furthermore,
the plant extract was characterized by UV-VIS
spectroscopy using a Shimadzu double-beam
spectrophotometer (model UV-1800, Kyoto,
Japan) and ATR-FTIR spectroscopy using ALPHA I
BRUKER (model COMPACT -PLATINUM-ATR).

Green synthesis of cerium oxide nanoparticles

The synthesis of cerium oxide nanoparticles
through plantmediationusing E.ramosissimumDesf
extract followed a previously reported method
[29], with slight adjustments. To prepare a 1M
solution of cerium nitrate hexahydrate, a total of
4.38 g of salt was dissolved in 10 mL of deionized
water using a magnetic stirrer hot plate. Four
different volumes of plant extract were used in this
experiment. To prepare group 1 (0.5:1 v/v ratio),
5 mL of plant extract was added dropwise to 10
mL of precursor solution under continuous stirring
(1500 RPM) at 65 °C for 2 hr. At that time, pH of
the solution was adjusted to 7-8 using 1M sodium
hydroxide (NaOH) solution. During this period, the
color change of solution was monitored. After 2
h, the obtained gel underwent multiple washes
using deionized water and ethanol and was
dried in an oven at 90 °C to thicken the gel. The
obtained gel was then calcined using a RENFERT
Magma furnace at 400 °C for 2 hr [27-30] Finally,
the obtained product was ground by mortar and
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pestle to form a fine powder and subjected to
further characterization. Accordingly, there were 4
groups in this experiment:

Group A: 0.5:1 V/V (5 mL of plant extract added to
10 mL of cerium nitrate salt)

Group B: 1:1 V/V (10 mL of plant extract added to
10 mL of cerium nitrate salt)

Group C: 1.5:1 V/V (15 mL of plant extract added
to 10 mL of cerium nitrate salt)

Group D: 2:1 V/V (20 mL of plant extract added to
10 mL of cerium nitrate salt)

Characterizations
UV-Visible spectroscopy

The UV-visible spectroscopy technique was
used to characterize the optical characteristics
and band gap energy of the green cerium oxide
nanoparticles within the wavelength range of
250-800 nm. The analysis was performed utilizing
a Shimadzu double-beam spectrophotometer
(model UV-1800, Kyoto, Japan) with a 1 nm
resolution. The band gap energy was determined
using the Tauc relation, which was calculated based
on the absorption spectra of the nanoparticles as
follows:
ahv =A (hv - Eg)n

Where « is the optical absorption coefficient,
hvis the photon energy, Eg is the band gap and A is
an energy-independent constant and n is 2 or 0.5
for direct or indirect transitions, respectively. It has
been proven that the cerium oxide nanoparticles
had a direct transition, therefore the value of 2 is
selected here [31].

Fourier transform infrared spectroscopy (FTIR)

to examine functional groups within the plant
extract, serving as a capping agent, and to verify
the production of green nanoparticles, FTIR
spectroscopic analysis was conducted. This analysis
employed the Attenuated Total Reflectance FTIR
(ATR-FTIR) methodology utilizing the COMPACT
ALPHA 1l BRUKER-PLATINUM-ATR model.

X-ray diffraction (XRD)

The crystal structure as well as the purity
of the CeO,-NP was recorded using an X-ray
diffractometer (Ultimate IV XRD system, Rigaku
Corporation, Tokyo, Japan) at room temperature
and interpreted using Xpert Highscore plus
(software version 5.2.0) and its associated powder
database PDF-2 Database Copyright International
Center for Diffraction Data (ICDD-2013) and
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crystallography open database (COD-2023).
The crystallite size of CeO, NPs was determined
using Scherrer’s equation (D=0.9\/BcosB) and
analyzed with Origin software. In this equation,
D represents the average size of the crystalline
domain perpendicular to the reflecting planes, A
is the X-ray wavelength (1.5406 A), B is the angular
full width at half maximum in radians, and 0 is
the diffraction angle (20 is the measured angle of
diffraction in degrees) or Bragg’s angle. [32].

Field emission scanning electron microscopy
(FESEM) & Energy-dispersive X-ray spectroscopy
(EDX)

The size and morphology of the prepared
particles were analyzed using scanning electron
microscopy, Hitachi S4160FE-SEM operating at
20 Kv. To measure the size of nanoparticles, the
size of 200 particles was measured from FE-SEM
image using Image J software (version 1.8.0) and
the average particle size for each sample was
estimated by fitting the particle size distribution
histogram to the log-normal distribution function,
as described by Paswan, Kumari [33].

Furthermore, to analyze the qualitative
chemical and elemental composition of prepared
particles, energy-dispersive X-ray spectroscopy
was carried out coupled to FE-SEM operated at
20 Kv, and data was recorded and analyzed using
TEAM™ EDS Analysis System.

Dynamic light scattering analysis

The zeta potential charge (ZPC) and
approximate hydrodynamic diameter of the CeO,-
NPs were determined using Litesizer 500 (Anton
Paar-serial number: 82807900).

Antibacterial activity of CeO, NPs

The  antibacterial properties of E.
ramosissimum Desf. mediated- CeO, nanoparticles
were investigated against clinically isolated
Streptococcus mutans using the agar well diffusion
method with minor adjustments [34].

Agar well diffusion assay

Clinically isolated Streptococcus mutans
(PP0O61004 blasted at NCBI) after its isolation
and identification regrowth in sterile brain heart
infusion broth (BHI). Using a sterile loop, a single
colony of bacteria was introduced into 5 mL of
sterile BHI broth and incubated at 37 °C for 24
hr. Following the incubation of bacteria, the
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optical density (OD) of broth was adjusted to 0.5
McFarland using an EMCLAB spectrophotometer
at 600nm.

Following adjustment of bacterial density to
1 x 10® CFU/MI (OD=0.11), 100 uL of 24h mature
broth culture of bacteria spread over the surface
of already prepared Mueller-Hinton Agar plate
using cotton swabs in different directions. Using a
sterile cork borer, a 6 mm well was made at the
surface of each Petri- plate at a 2 cm distance.
The antibacterial activity was evaluated using six
different concentrations of CeO, nanoparticles:
2000, 1000, 500, 250, 125, and 62.5 pug/mL. The
samples were prepared by dispersion of cerium
oxide nanoparticle powder in deionized water
and sonicated for 20 minutes. Using a sterile
micropipette, 0.05 mL of a solution containing
different concentrations of nanoparticles was
added to each well. Chlorhexidine was used as a
positive control. Subsequently, the plates that had
been inoculated were placed in an incubator set
at a temperature of 37 °C for a duration of 24 hr.
After incubation time, the clear zone’s diameter
around each well was measured and quantified in
millimeters to represent its antibacterial efficacy.
The experiment was assessed in quintuplicate
and the average results were determined for
the antibacterial activity. The mean, standard
deviation, and P value of the inhibition zone were
analyzed using Graph Pad Prism (version 9).

RESULTS AND DISCUSSION
Phytochemical analysis of the plant extract

The qualitative analysis of secondary
metabolites in E. ramosissimum Desf revealed
the presence of the assessed compounds, as
outlined in the Table 1. Previous research has
similarly documented the existence of various
phytochemicals in different components of
E. ramosissimum, corroborating the findings
presented in this study[23-25, 35]. Furthermore,
UV-Vis absorption spectra of plant extract exhibit
two prominent absorption bands at 242 nm and
418 nm, while also demonstrating a less intense
absorption at 296 nm as depicted in Fig. 1.
Typically, UV/VIS absorption bands of flavonoids
and phenolic acids manifest as two distinct
absorption bands, one falling between 230-280
nm and the other between 300-380 nm[36-38].
Hence, the detection of absorption peaks within
the wavelength range of 230-420 nm in the
aqueous extract spectra serves as evidence for
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Table 1. Qualitative phytochemical screening of E. ramosissimum Desf extract

Phytochemicals Experiment Observations Result
Flavonoids Sodium hydroxide test The deep yellow-orange color became colorless after the addition of HCL +ve
Phenols Ferric chloride test Black-blue coloration +ve
Tannins Ferric chloride test Black-blue coloration +ve
Saponins Foam test Foam at the top of the liquid remains for a while +ve
Alkaloids Hager’s test Yellow colored precipitate -ve
2 the production of cerium oxide powder with yellow
coloration. Cerium has been shown to occur in two
i oxidation states, namely Ce (lll) and Ce (IV). It is
' commonly observed that Ce (lll) exhibits a colorless
appearance, whereas Ce (IV) displays a yellow to
é 1.01 red coloration [39-41]. Therefore, nanoparticles
produced in our method were made of Ce (IV) as
seen by their yellow color, Fig. 3.
051
0.0 L L
200.00 400.00 600.00 £00.00
Wavelength(nm)

Fig. 1. UV/VIS spectrum of E. ramosissimum Desf extract

the existence of a blend of active phenolic acids,
flavonoids, and associated chemicals present in
the samples.

Preparation of cerium oxide nanoparticles

This method verified the successful green
synthesis of cerium oxide nanoparticles by noting
a color change in the cerium salt solution. The
solution visibly shifted from a yellow-orange hue
to a dark-brown color upon the introduction of the
plant extract in all groups, Fig. 2.

This observation is indicative of the reduction of
Ce4+ to Ce0. Following the washing and subsequent
drying of the gel, it underwent additional
calcination at a temperature of 400 °C, resulting in

Fig. 3. Yellow-colored cerium oxide nanoparticle powder

Characterizations
UV-visible analysis

It is well-documented that cerium, in its dual
oxidation states, demonstrates the absorption
of ultraviolet (UV) light, evident through two
separate absorption peaks. Specifically, one
absorption peak occurs within the wavelength

Fig. 2. Color change following reduction of nanoparticles, A : before and B : after reduction
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Fig. 4. UV/VIS spectrum of CeO, nanoparticles

range of 230 to 260 nanometers, corresponding
to the Ce(lll) state, while the second absorption
peak falls within the wavelength range of 300 to
400 nanometers, corresponding to the Ce(IV)
state [41]. Therefore, nanoceria prepared by our
method were made of Ce (IV).

In this study, absorption peaks for different
plant extract concentration biosynthesized CeO,-
NPs were seen at wavelengths of 314 nm, 310 nm,
307 nm, and 309 nm, respectively, as depicted in
Fig. 4. A previous study showed the presence of
a comparable absorption peak at a wavelength
around 300-330 nm for biosynthesized CeO,-NPs
[28, 42-44].

Additionally, during this evaluation, the optimal
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concentration of E.ramosissimum Desf extracts
for synthesizing the highest quantity of CeO,-NPs
with dimensions less than 50 nm was identified.
The CeO, nanoparticles synthesized using
E.ramosissimum Desf extracts at a concentration
of 1.5:1 (v/v) exhibited the highest absorption
peak at 307 nm. The more the absorbance value
that was produced by the nanoparticles, the
greater the quantity of nanoparticles that were
generated [45]. It is important to point out that
a concentration of 1.5% of E. ramosissimum
Desf extracts was determined to be the optimal
concentration for the synthesis of CeO, NPs.

The band gap energy values for CeO,-NPs were
determined to be 3.14, 3.27, 3.37, and 3.04 eV,
respectively, as illustrated in Fig. 5. The value of
band gap energy increased when the concentration
of E. Ramosissimum Desf extract was elevated from
a ratio of 0.5:1 to 1.5:1 v/v which confirmed the
formation of smaller nanoparticles. The reduction
in particle size could be attributed to a higher
percentage of phytochemicals present within
the plant extract which prevent particles from
aggregation. On the other hand, increasing plant
extract up to 20 mL (2:1 v/v) creates nanoparticles
of larger size and smaller bandgap energy which
might be related to the higher viscosity of solution,
a pattern that has also been noted in some earlier
investigations [28, 46].
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Fig. 5. Band gap energy of E. Ramossisum Desf mediated CeO, NPs
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Fig. 6. FTIR spectrum of pure E. Ramosissemum Desf extract

FTIR analysis

In the spectrum of pure E. Ramosissemum
Desf extract, as shown in Fig. 6, the broadband
at 3394.72 cm? contributes to the stretching
vibration of O—-H bonds [38, 47], doublet band
at 2927.94 cm™ and 2856.58 cm® represent C—H
stretching vibrations, characteristic to CH, and
CH, groups of aliphatic compounds[48, 49],.
Furthermore, bands at 1608.63 cm™, 1508.33 cm-
1, 1419.61 cm?, and 1255.66 cm™ were of C-O
stretching vibrations in the CHO group, Amide Il
N-H deformation as well as the presence of C=C
bonds, bending vibration of C—H bond of CH3 and
CH, groups and C-0 stretching vibration of organic
compound respectively [38, 49, 50].

Finally,bandsat1139.93cm™,1087.85cm™, and
921.97 cm related to C-O, C=C, and C-O-C groups
stretching of carbohydrates and bending vibration of
C-H bond [48, 51]. The O—H, C-H, and N-H are the
primary functional groups present in phytochemicals
such as proteins, phenolic compounds, vitamins,
flavonoids, alkaloids, terpenes, tannins, and saponins
[29].

After the formation of cerium oxide
nanoparticles, some bands of E. Ramosissemum
Desf extract 3394.72, 1608.63, 1139.93, and
1087.85 shifted to lower wavelengths of 3305,
1588, 1130, and 1059 cm™ respectively, as shown
in Fig. 7. Broad band at 3305 cm™? attributed to
stretching vibration of hydroxyl groups of organic
compound as flavonoids or adsorbed water that
exist in the surface of nanoparticles, band at 1588
cm™ is assigned to C-H stretching of CH, group of
aliphaticcompound [52, 53], band at 1130 cm™and
1059 cm™ due to C=0 and C-0O-C groups stretching
vibration respectively [53, 54]. The appearance
of these peaks at the surface of nanoparticles
indicates the direct involvement of -C-O, -C, -H,
and OH functional groups of phytochemicals in the
capping and stabilization of the CeO,NP.

Furthermore, two more new peaks appear at
1346 cm™ and 1788 cm™ which might correspond
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Fig. 7. FTIR spectrums of CeO,NPs
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to O-H bending and C=0 stretching vibration
that belongs to the residual combinations of
E. Ramosissemum Desf extract, respectively.
The remaining peaks of plant extract, 2927.94
cm?, 2856.58 cm?, 1508.33 cm?, 1419.61 cm?,
1255.66 cm?, and 921.97 cm? were abolished
in the nanoparticle spectrum, indicating that the
respective groups had a direct interaction with
Ce ions, causing its oxidation and thus being not
appearing on the surface of nanoparticles.

Metal oxide nanoparticles generally had
absorption bands below 1000 cm™® because of the
inter-atomic vibrations [55]. In our study, Ce—O
stretching vibrations were observed at a range
between 400-850 cm™, as shown in Fig. 7. In group
1 absorption bands were at 405, 724, and 834 cm’
!, group 2 at 405,725 and 834 cm?, group 3 at
404,432,455,618,725 and 834 cm™, and group 4 at
412,423,618,701, 834 and 851 cm™ respectively.
Similar to our study Ce—O stretching vibrations were
observed at ~410 cm™ [55], ~ 425 cm™ (52), ~450
cm? [56-58], ~620 cm™ [55], ~725 cm™ [59, 60],~
830 cm™ [59, 61-63] and ~850 cm? [46, 60, 64].
Compared to the results of previous studies, the
detection of distinct absorption bands associated
with Ce-O vibrations serves as confirmation that
the generated particles indeed cerium oxide.

XRD analysis

Fig. 8 displays the XRD pattern of CeO,NPs
produced using different concentrations of
E. ramosissimum Desf extract. It reveals the
Presence of several broad Bragg peaks at the
29 position of 28.57, 33.10, 47.51, 56.38, 59.13,
69.46, 76.74,79.11, 88.49, 95.46 corresponding to
Miller indices, hkl (111), (200), (220), (311), (222),
(400), (331), (420), (422) and (511) well matched to
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Fig. 8. XRD patterns of 4 groups of cerium oxide nanoparticles
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International Centre for Diffraction Data (ICDD) card
no: 34-0394, which were represented the typical
face-center cubic fluorite structure of CeO, NPs with
a space group of Fm3m (number.225), consistent
with the findings from the prior experiments [44,
65, 66], confirming successful formation of cerium
oxide nanoparticles.

It was observed that there are no other
diffraction peaks detected in the XRD pattern
indicating the purity of fabricated nanoparticles.
In addition, it was found that diffraction peaks
showed high intensity suggesting that green
synthesized cerium oxide nanoparticles possess
excellent crystalline characteristics. These findings
resoundingly support the extract’s role in enhancing
the purity and crystallinity of the sample of as-
produced cerium oxide [58, 67].

Similar to results reported by previous studies,
diffraction peaks became broader (intensities
reduced as appeared in (Fig. 8) as the concentration
of plant extract increased indicating the decrease in
crystalline size [27-29]. The decrease in the size of the
crystals may be due to the presence of phytochemicals
during the production phases of nanoparticles which
decreases the nucleation and subsequent growth
rate of the nanoparticles [52, 53].

In the present study, the Crystal size for E.
Ramosissimum Desf mediated- CeO_-NPswas 8.02 nm,
6.92 nm, 5.99nm, and 11.74 nm respectively. Crystal
size was decreased as the concentration of plant
extract increased up to (1.5:1v: v). On the other hand,
increasing the percentage of extract to 2:1 increases
the size of the crystal which might be caused by an
increase in crystallite with fewer lattice flaws, which
would result in a decrease in grain boundaries[29].
These results indicate a strong relationship between
the concentration of the extract and the observed
changes in crystalline size, confirming the earlier
discussion by UV/VIS spectroscopy.

The crystallite size of the cerium oxide
nanoparticles produced by our method was
found to be very small compared to green CeO,-
NPs reported previously [46, 68-70]. The reduced
crystallite size of biosynthesized CeO,-NPs s
most effective in enhancing photocatalytic and
antibacterial activities(71). The current study
demonstrates that the (1.5:1 v/v) E. Ramosissimum
Desf CeO,-NPs, with a small crystallite size of 5.99
nm have the potential to significantly enhance both
the photocatalytic and antibacterial properties.

FESEM and EDX analysis
Fig. 9 displays FESEM images of all samples at
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60,000X magnification. As shown in the figure,
the produced nanoparticles of all groups reveal
that the particles are of nanoscale size and
exhibit uniformity, with an almost spherical. It
was clear from the images that particles tended
to agglomerate. Putri and Rilda [58] reported the
bioproduction of CeO, nanoparticles using Moringa
oleifera leaf extract in which agglomeration of
particles occurs as well. A similar pattern occurs
in the biosynthesize of CeO, nanoparticles using
Morinda citrifolia L. fruit extracts [45].

The average particle size for samples was

20.8kV XEe.8k ' 'Soafim
A

28.8kY XE@. 8k

estimated to be 25.38 nm, 24nm, 22 nm, and 31
nm along with a standard deviation of 1.22nm,
1.27 nm, 1.30 nm, and 1.29 nm respectively,
as appeared in the Fig. 9. The average size of
the particle was found to be decreased with
an increase in plant extract concentration from
5-15 mL confirming the earlier results by UV/VIS
spectroscopy and XRD patterns. In accordance
with our study, Elahi and Mirzaee [28] conducted
the green synthesis of cerium oxide nanoparticles
utilizing different concentrations of Salvia
Macrosiphon Boiss seeds Extract. Their FESEM
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Fig. 9. FESEM images and particle size distribution histograms of A(CeO, NP (0.5:1)), B(CeO, NP (1:1)), C(CeO, NP (1.5:1)), and D(CeO,
NP (2:1)
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analysis revealed that as extract concentration
increased from 10 to 30 mL, the average particle
size decreased from 47 to 20 nm. Cerium oxide
nanoparticles with similar morphological shape
and uniform average particle size of less than
30 nm were synthesized using Gloriosa superba
L. leaf extract [72], Olea europaea leaf extract
[68], Salvadora persica extract [54] and Moringa
oleifera leaf extract [58].

The calculated crystallite size obtained from
the XRD analysis was smaller in comparison with

the size observed through FESEM imaging. The
observed discrepancy can be related to the fact
that Scherrer’s equation quantifies crystallite sizes
as the sizes of “coherently diffracting domains”
of crystals, but grains may encompass many of
these domains [73]. Another possible reason for
this difference can be ascribed to the aggregation
of the nanoparticles caused by the magnetic
interactions among them [74].

Fig. 10 shows the EDX spectrum of cerium oxide
nanoparticles created by different concentrations

126{

117

0.5:1 CeO2 NP

1:1 CeO2 NP

1.5:1 CeO2 NP

2:1 CeO2 NP

Fig. 10 EDX spectrums of CeO, nanoparticles
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of E. ramosissimum Desf extract. The EDX graphs
of all samples clearly show high-intensity peaks
corresponding to Ce and O atoms in a specific energy
of 20 keV. The absence of any other elements in the
EDX spectrum confirms the successful biosynthesis
of cerium oxide nanoparticles with no impurity in
their compositions, the situation was confirmed by
PXRD as well. Similar findings were reported for the
biosynthesizing of cerium oxide nanoparticles [30,
46, 64, 75]. Since this experiment was carried out
by preparing the sample through its deposition on
double side adhesive carbon tape and coated with
gold, the carbon and gold characteristic peaks were
always present in the EDX spectra.

Dynamic Light Scattering (DLS) and zeta potential
analysis

The analysis of the particle size distribution in
the samples was conducted using the Dynamic
Light Scattering (DLS) approach, which measures
the hydrodynamic radius of each particle assuming
they behave as individual spheres undergoing
Brownian motion[76]. Furthermore, the Dynamic
Light Scattering (DLS) technique is primarily
employed for the measurement of particle size and
the determination of shell thickness of a capping
or stabilizing chemical involved in the formation of
metallic nanoparticles[77].

The size distribution for all samples is shown
in Fig. 11 in the form of a line graph. As illustrated
from the graphs, particles showed a narrow size
distribution which is within the range of 1-100
nm. The DLS analysis demonstrated average
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hydrodynamic diameter for cerium oxide
nanoparticles were estimated to be 28.11 nm,
31.5nm, 25.34 nm, and 54.65 nm along with a
Polydispersity index of 12.60%, 18.40%, 5%, and
25.10% respectively. The polydispersity index
of 5% in group 3 indicates that the particles are
nearly monodispersed. As the PDIindex increases,
the percentage of monodispersed particles will
be decreased [78]. Based on the findings, the
diameter of nanoparticles was not considerably
different by raising the plant extract to 15 mL.
However, when the concentration is increased to
20 mL, the particle size approximately doubles.

The obtained particle size by this technique was
very close to FESEM analysis results. Meanwhile,
these size values were over-expressed than
those measured from XRD patterns. The possible
explanation for this discrepancy may be attributed
to that, crystallite size represents the average
size of individual grains, whereas the particle
size obtained via DLS analysis refers to the size of
particles that are made up of several grains[79].
In addition to that, the size acquired through
Dynamic Light Scattering (DLS) is influenced not
only by the metallic core of particles but also by
the presence of capping proteins and enzymes
surrounding the particles [80]. Comparable DLS
values for green cerium oxide nanoparticles were
reported in the literature [29, 46, 81].

Zeta potential is an assessment that measures
the electric charge present on the surface of
nanoparticles and has a direct impact on the
stability of nanoparticles. Nanoparticles with Zeta
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Fig. 11. Dynamic light scattering (DLS) patterns of E. ramossisum Desf mediated CeO,NP A:(CeO, NP (0.5:1)), B:(CeO, NP (1:1)),
C:(CeO, NP (1.5:1)) and D:(CeO, NP (2:1))

260

Nanomed J. 11(3): 250-267, Summer 2024



MH. Mohammed and BA. Hasan / Green cerium oxide nanoparticle as an antibacterial agent

[0s1ce0:ne |

¥
1

Rel. frequency [%]

0 T T T 1
-2000 -1000 00 1000 2000
Zeta potential distribution [mV]

2] 1.5:1Ce0: NP

Rel. frequency [%]
|

0 f T T 1
=2000 =100.0 00 1000 2000
Zeta potential distribution [mV)

Fig. 12. Distribution of zeta

potential values exceeding +25 mV or falling below
-25 mV are generally regarded as having significant
physical stability [82]. Fundamentally, the greater
the absolute magnitude of zeta potential (whether
positive or negative), the stronger the repulsion
between the particles that to be aggregate,
resulting in increased stability of the nanoparticles
[83]. Fig. 12 displays the distribution of zeta
potentials of E. ramosissimum Desf stabilized
cerium oxide nanoparticles.

The mean zeta potential of CeO,NPs prepared
by different concentrations of E. ramosissimum
Desf (5-20 mL) was measured to be -18 mV, -20.1
mV, -29.2 mV, and -11.4 mV respectively. The
-29.2 mV, zeta potential value of (1.5:1 v/v) cerium
oxide nanoparticle indicates its colloidal stability
in suspension. The surface capping of CeO,-NPs
primarily consists of negatively charged groups,
contributing significantly to the moderate stability
of the nanoparticles as confirmed by the high
negative values of zeta potential [29]. Conversely,
zeta potential values of remaining three groups less
than -25 mV, confirm particles had agglomeration.
This finding could explain the increasing particle
size as a result of agglomeration, as demonstrated
by FESEM and DLS analysis in previous sections.

Nanoceria with similar zeta potential values
were produced by utilizing aqueous leaf extracts of
S. nigrum (-25.83 mV), Mentha royleana (<-28 mV),
and Pelargonium hortorum (-25.8 mV) [29, 46, 84].

According to the above discussion, the sample
that was prepared with 15 mL E. ramosissimum
Desf extract had the sharpest charge transfer
peak, bigger band gap energy, highly pure small
crystallite size, uniform spherical morphology,
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and smallest particle size with high zeta potential
value had been chosen as a suitable model for
subsequent investigations.

Antibacterial study
Antibacterial activity of cerium oxide nanoparticles
Recent studies have indicated the potential
utilization of cerium oxide nanoparticles as
antimicrobial agents owing to their reduced
toxicity, heat resistance, and capacity to absorb
UV/Vis radiation[85]. Nanoparticles produced
using green methods have demonstrated high
effectiveness and relatively minimal harmful
effects on healthy cells, in comparison to NPs
created using different chemical processes[86].
The zone of inhibition was seen for different
concentrations, as depictedin Fig. 13. The presence
of inhibitory zones around samples demonstrated
the antibacterial efficacy of CeO, nanoparticles

Fig.13. Inhibition zone of CeO, NPs against Streptococcus mutans
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Table 2. Mean, standard deviation, and P value of zone of inhibition
of different concentrations of CeO, NPs compared to control

N Mean (mm) Std. Deviation P-value
Control 5 15 0.7071
2000 pg 5 32.6 1.517 <0.0001
1000 pg 5 25.2 1.643 <0.0001
500 pg 5 20.2 1.304 <0.0001
250 pg 5 0 0 <0.0001
125 pg 5 0 0 <0.0001
62.5 ug 5 0 0 <0.0001

at different concentrations. The biosynthesized
CeO,-NPs exhibit superior antibacterial activity
compared to the chlorhexidine control group.

A promising zone of inhibition of 32.6, 25.2,
and 20.2 mm was recorded at 2000 pg, 1000
pg, and 500 pg/mL concentrations respectively.
Compared to the control group (15+0.7 mm), three
concentrations of cerium oxide nanoparticles
showed greater ZOI. It also showed that the
last three concentrations had no antibacterial
effect against streptococcus mutans. The mean,
standard deviation, and P-value of the inhibition
zone are presented in Table 2.

The findings indicate that the green CeO,NPs
possess a potent antibacterial effect, as an
inhibition zone value of 10-20 mm is considered
strong, while an inhibition zone above 20 mm
is rated as extremely strong[87]. Furthermore,
these results clearly showed that there is a
direct correlation between the concentration of
CeO, nanostructure samples and the size of the
zone of inhibition found in bacterial growth, as
concentration increased the zone of inhibition
also increased. This implies that the antibacterial
activity of CeO,-mediated E. ramosissimum Desf
is vastly dependent on the concentration of
nanoparticles.

Table 3 presents the antibacterial activity of
green CeO,NPs prepared using different types
of plant extracts. It is shown that the CeO,NPs
synthesized in this study using E. ramosissimum
Desf exhibited a larger inhibition zone compared
to the samples used in the prior investigations.
Furthermore, variations in the dose of CeO,NPs
and testing methods result in distinct antibacterial
characteristics.

The antibacterial activities of CeO,NPs in the
current study surpassed those documented in
prior investigations. This could be attributed to the
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small particle size and crystallite size, as indicated
by the analysis results from SEM, DLS, and XRD.

Different mechanisms are proposed for the
antibacterial activity of cerium oxide nanoparticles.
The potential of CeO, NPs against microorganisms
is mostly influenced by its higher surface-to-
volume ratio. A reduction in particle size increases
the specific surface area, hence offering a greater
number of active sites for interaction with
bacterial cells. In addition, the smaller particles
have a greater ability to enter the bacterial cells,
leading to their disruption. [58]. Furthermore,
the antibacterial activity of CeO,NPs is primarily
attributed to the electrostatic interaction between
the positively charged nanoparticles and the
negatively charged bacterial cell surface. The
nanoparticles possess photocatalytic capabilities,
which account for their antibacterial action. This
interaction not only hampers the growth of bacteria
but also triggers the production of reactive oxygen
species (ROS), resulting in the death of cells [89-91].
The basic mechanism of photogeneration of ROS by
CeO, NPs discussed as follows:

ROS were produced through a reaction known
as the reduction and oxidation process. Cerium
oxide nanoparticles function as semiconductors,
absorbing photons when exposed to light with
photon energy equal to or greater than the
band gap energy. When illuminated by light, the
electrons (e-) shift from the valence band to the
conduction band resulting in the creation of holes
(h+) within the valence band. The electrons and
holes created by the photo induce reduction and
oxidation reactions. When the electron interacts
with oxygen, it generates the superoxide anion
(02e-), which is referred to as the reduction
process. In addition, the holes undergo a reaction
with hydroxyl ions, resulting in the production
of hydroxyl radicals (¢OH) through the process
of oxidation. Furthermore, the presence of
superoxide anions in water generates singlet
oxygen ('0,) as a byproduct. These byproducts
are known as reactive oxygen species [92]. Once
the ROS interact with the bacterial cell wall and
enter the cell, they will interact with the internal
organelle of a cell including mesosome, cytoplasm,
protein, and nucleoid, leading to malfunctioning
and death of the cell [93].

Other  possible  mechanisms  proposed
for the antibacterial effect of nanoparticles
include mechanical damage to the cell wall of
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Table 3. Antibacterial activity of CeO2 NPs prepared using different plant extracts compared to present work

Precursors Particle size(nm) NPs concentration Bacteria Z0l (mm) E
Cerium chloride hepta hydrate and Acalypha indica leaf extract 36.2 % 100 mg/mL E. Coli 9 [88]
S. Aureus 17
Cerium nitrate hexahydrate and Olea europaea leaf extract 24** 20 pg/5 pL A E. Coli 19 [68]
6* S. Aureus 10
K. pneumonia 9
P. aeruginosa 8
Cerium nitrate hexahydrate and Abelmoschus esculentus Extract 30* 30 pg/mL AA S. Aureus 21 [34]
36*%* K. pneumonia 19
Cerium nitrate hexahydrate and Leucas aspera leaf extract 4.6* 1000 pg/wellrr K.aerogenes 233 [27]
P. desmolyticum 1.67
E. Coli 4.67
S. Aureus 3.33
Cerium chloride hepta hydrate and P. juliflora leaf extract 11.42%* 100 mg/mL” S. Aureus 12.43 [56]
3.7%** S. pneumonia 14.56
P. aeruginosa 4.09
P. vulgaris 4.38
Cerium chloride hepta hydrate and Azadirachta indica leaf extract 7.61* 50 mg/mirn B.subtilis 11 [52]
B.cereus 3
P. aeruginosa 14
K. pneumonia 0
Cerium chloride hepta hydrate and Gloriosa superba L. leaf extract 24* 100 mg/mL~ S. Aureus 5.33 [72]
S. pneumonia 4.67
E. Coli 4
P. aeruginosa 4.67
P. vulgaris 4.67
K. pneumonia 4.67
S.dysenteriae 4.33
Cerium nitrate hexahydrate and watermelon juice 36* 1000 pg/pLrn K.aerogenes 1 [69]
S.aureous 1.47
Ceric Ammonium Nitrate and Moringa oleifera peel extract 40-45* 25 pLan E. Coli 7 [59]
S. Aureus 5
Cerium chloride hepta hydrate and Solanum nigrum leaf extract 10.08* 100 pl A B.subtilis 21 [29]
20** S. Aureus 20
45H** E. Coli 22
P. aeruginosa 19
Cerium chloride hepta hydrate and Calotropis procera flower extract 7.08* 100 pg/mL An B.subtilis 13 [71]
21** S. saprophyticus 14
E. Coli 17
P. aeruginosa 15
Cerium nitrate hexahydrate and Moringa oleifera leaf extract 11* 100 mg/mL S. Aureus 22 58]
17** P. aeruginosa 16
E. Coli 15
Cerium nitrate hexahydrate and Equisetum ramosissimum Desf 5.99*% 2000 pg/mLAn Streptococcus mutans 32.6 -
o
29%* g
25.34%** %
2

bacteria through the rough surface of NPs [94].
Furthermore, it is believed that nanoparticles
release an ion. lons released by nanomaterial may
interact with the thiol groups (-SH) of the proteins
on the bactericidal cell surface, leading to the
destruction of protein and loss of cell membrane
permeability which in turn leads to cell death[95].

The experimental findings demonstrate

Nanomed J. 11(3): 250-267, Summer 2024

that cerium oxide nanoparticles exhibit potent
inhibitory effects on streptococcus mutans growth,
rendering them suitable for many applications in
the field of dentistry.

CONCLUSION

The findings from this study highlight the
efficacy of E. ramosissimum Desf extract as a
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proficient chelating agent for the eco-friendly
synthesis of uniformly sized CeO, nanoparticles
with strong antibacterial activity against cariogenic
S. mutans. The demonstrated antibacterial
efficacy supports the recommendation of green
nanoceria as a potential antimicrobial agent in
addressing dental caries, potentially extending its
application to mouthwash, toothpaste, and dental
resin composite formulations. It is imperative to
conduct toxicity assessments before integrating
these nanoparticles into consumer products.
Additionally, comprehensive clinical trials are
essential to evaluate the effectiveness of such
products in preventing dental caries.
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