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Abstract

Nanotechnology is a crucial field that is being widely researched in various fields. This innovative study investigates the
synthesis of cerium oxide nanoparticles (CeO,NPs) using an extract from the plant Alternanthera sessilis and its various
biological applications. Several methods, such as UV-Vis spectroscopy, FTIR, XRD, FESEM, HR-TEM, and DLS analy-
sis, were used to confirm the nature of the synthesized CeO,NPs. In this study result, the UV—-Vis spectroscopy maximum
absorption peak at 326 nm proved that CeO,NPs were present. FTIR analysis identified several functional groups, while
XRD confirmed their crystal structure. It was seen in FESEM and HR-TEM images that CeO,NPs were mostly spherical
and oval, and their average size was 29 nm. CeO,NPs exhibited impressive antioxidant properties and exhibited significant
antibacterial activity against E. coli (25.04 +1.45 mm) and S. aureus (23.97 +1.29 mm). CeO,NPs showed significant anti-
inflammatory effects by inhibiting COX-1 (80.91 +1.22%) and COX-2 (71.58 +£1.16%). CeO,NPs showed strong enzyme-
inhibitory activity against a-amylase (70.46 + 1.37%), a-glucosidase (79.58 + 1.37%), acetylcholinesterase (68.92 + 1.39%),
and butylcholinesterase (73.47 + 1.53%). Cytotoxicity assays showed that CeO,NPs significantly reduced cell viability by
28.59 +0.39% in HepG2 cancer cells. In conclusion, this study shows that the green-synthesized CeO,NPs is a non-toxic,
cost-effective and safe method, making it a very promising alternative for various biological applications.
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Introduction

Nanotechnology has the potential to transform various sci-
entific fields. Nanomaterials provide a diverse array of appli-
cations due to their unique morphology and size, making
them a prominent topic in both fundamental and applied
sciences [1]. The development of various metal and metal-
based nanoparticles has attracted significant research interest
in recent years due to their unique properties in nanotech-
nology, including applications in biochemistry, bioimaging,
catalysis, electrochemical and biomedicine [2—4]. Earlier
research reports have shown that developing nanomaterials
based on graphene and chitosan could be useful for making
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better biosensors and using them in a variety of biomedi-
cal applications [5-7]. Various methods, including environ-
mentally friendly, chemical and physical techniques, can
produce and stabilize metal-based nanoparticles. However,
the chemical and physical methods frequently involve toxic
substances, instability and necessitate multiple steps, as well
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as high temperatures and pressures [8, 9]. These unsustain-
able metal nanoparticles are not suitable for medicinal appli-
cations such as drug delivery and treatments for diabetes
and cancer. In contrast, the synthesis of metal nanoparticles
using green technologies is innovative, cost-effective and
takes place under mild reaction conditions [10, 11].

The green synthesis approach is a one-step method for
producing nanoparticles (NPs) that require minimal energy
for initiation and are non-toxic, biodegradable and cost-
effective [12]. Additionally, it allows for the flexibility to
create nanoparticles in various sizes, making it preferable to
physical and chemical methods. Notably, NPs synthesized
using plants as capping and bio-reducing agents exhibit
enhanced stability and greater diversity in size and shape
compared to those created with other materials [13]. This
advantage is likely due to the rich genetic diversity of metab-
olites and biomolecules found in plants, including phenols,
proteins, carbohydrates, vitamins and flavonoids [12, 14].
The functional groups of these plant metabolites, such as
hydroxyl, carbonyl and amine, have been shown to reduce
metal ions and decrease their size to the nanoscale [15].
Natural compounds present in biological systems play a cru-
cial and diverse role in NPs synthesis, acting as capping and
stabilizing agents. A review of the literature indicates that
utilizing plants offers considerable advantages over other
biosystems [16, 17]. Plants are easily accessible and con-
venient to work with, and the NPs they produce tend to be
more stable. Consequently, various plant extracts synthesize
nanoparticles using gold, silver, iron, copper and other met-
als [18, 19]. Previous studies have shown that nanomateri-
als are sensitive surface plasmon sensor methods that have
many biomedical applications [20-22]. However, due to
their diverse properties, their applications in medical fields
have proven to be very limited.

Cerium oxide nanoparticles (CeO,NPs) have been identi-
fied as biosafe, non-toxic and biocompatible, making them
suitable for a range of biological and environmental appli-
cations [23]. Because they are antifungal, antibacterial,
wound-healing, anti-inflammatory, anti-diabetic, anticancer
and antioxidant, CeO,NPs have a lot of potential in drug
delivery, biolabeling, biological properties and nanomedi-
cine [24]. Recent research has shown that CeO,NPs effec-
tively inhibit a wide range of microorganisms, including bac-
teria, fungi, viruses and certain pathogens [25]. Numerous
studies have been published detailing the synthesis of metal
nanoparticles using various plant-based materials, including
flowers, leaves, roots, stems, bark, fruit, buds and latex, as
part of green approaches for fabricating CeO,NPs [26, 27].
Recent publications indicate that many investigations have
focused on understanding the role of the phytochemicals
involved in the green synthesis and stability of CeO,NPs
through phyto-based materials. Consequently, research-
ers have documented the biofabrication of CeO,NPs using

various plant species such as Origanum majorana [28],
Ceratonia siliqua [29], Oroxylum indicum [30] and Carica
papaya [31]. Therefore, the aforementioned literature con-
firms that CeO,NPs are excellent inorganic nanomaterials
for applications in drug delivery, the food industry, pharma-
ceuticals and biological uses [32].

Alternanthera sessilis (A. sessilis) is a perennial herb that
typically grows to a height of 30-60 cm and is a traditional
medicinal value plant [33]. Typically found in tropical and
subtropical regions, this plant can thrive in a variety of envi-
ronmental conditions. People have traditionally used herbal
medicine to treat various ailments like digestive issues,
inflammation and skin conditions [34]. The A. sessilis plant
has a higher level of antioxidant activity, antimicrobial prop-
erties, anticancer potential, wound healing and hepatoprotec-
tive activities [35]. The plant is rich in bioactive compounds,
including flavonoids, phenolic acids and vitamins, contribut-
ing to its antioxidant and anti-inflammatory properties. A.
sessilis is notable for its potential in the green synthesis of
nanoparticles, such as silver and zinc oxide nanoparticles,
which have various applications in pharmaceuticals, bio-
medical fields and agriculture [35, 36]. Although most of
the biomedical properties have been investigated through
pharmacological knowledge, phytochemical studies of this
plant have only demonstrated a specific and limited potential
application in nanotechnology. These plant-based biological
applications require thorough exploration. However, there
are very few references about NPs from this plant. Moreover,
no study has yet demonstrated the synthesis of CeO-NPs
from A. sessilis plant and its biological applications.

The novelty of this study is that CeO,NPs were synthe-
sized using a simple and cost-effective extract of Alternan-
thera sessilis in accordance with the principles of green
chemistry. The morphological features and physical proper-
ties of the synthesized CeO,NPs were evaluated using char-
acterization techniques such as UV-Vis absorption spec-
troscopy, FTIR, XRD, FESEM, HR-TEM and DLS analysis.
The synthesized CeO,NPs were evaluated for their various
biological applications such as antioxidant, antibacterial,
anti-inflammatory, anti-diabetic, anti-cholinergic and cyto-
toxic activities (Scheme 1).

Experimental
Materials

Cerium(IIl) nitrate hexahydrate, sodium hydroxide (NaOH),
Ethylenediaminetetraacetic acid (EDTA), trichloroacetic
acid (TCA), Cyclooxygenase (COX-1 Inhibitor, FR122047
and COX-2 Inhibitor V, FK3311), p-Nitrophenyl-a-D-
glucopyranoside (P-NPG), 5,5'-Dithio-bis-(2-nitrobenzoic
Acid) (DTNB), Dulbecco's Modified Eagle's Medium
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Scheme 1 Synthesis of
CeO,NPs using A. sessilis plant
extract and their various bio-
logical applications is depicted
schematically
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(DMEM), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide (MTT) and dimethyl sulfoxide (DMSO) was
purchased from Sigma Aldrich, India.

Preparation of Plant Extract

From the botanical garden at SSN College of Engineering
in Chennai, Tamil Nadu, India, fresh Alternanthera sessilis
plant leaves were collected. Following a thorough washing
with distilled water, the leaves were left to dry at room tem-
perature away from the sunlight. Next, the leaves were finely
ground into powder. Then, 10 g of this plant powder was
added to 100 mL of distilled water and stirred continuously
at 60 °C for 2 h using magnetic stirring. Then, the solution
was filtered thoroughly through Whatman No. 1 filter paper.
The plant extract was collected and stored in a freezer at
4 °C for future use [37].

Synthesis of CeO,NPs

The CeO,NPs were synthesized using a previously described
method with minor modifications [28, 30]. A 0.5 M solution
of cerium nitrate hexahydrate (Ce(NO;);-6H,0) was made in
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deionized water. 10 mL of a precursor solution made from
Alternanthera sessilis leaf extract was then added. Next,
add a 2 M NaOH solution drop wise to the mixture. The
resulting solution was then centrifuged at 12,000 rpm for
20 min, washed with distilled water three times and followed
by ethanol. The obtained precipitates were dried at 80 °C for
6 h and subsequently dried at 120 °C for 4 h. Finally, a fine
powder containing CeO,NPs mediated by A. sessilis extract
was obtained and stored for further studies.

Characterization of CeO,NPs

A variety of techniques were employed to characterize the
synthesized CeO,NPs. The optical properties of the nano-
particles are measured using a UV—Vis spectrophotometer
(Shimadzu UV-1800) across a wavelength range of 200 to
800 nm. FTIR analysis (Model AIM-8800, spectral range of
4000—400 cm™") was conducted to identify the phytochemi-
cal components that require reduction and capping by metal
ions. The phase purity and crystalline structure were exam-
ined using a powder XRD diffractometer (Shimadzu-7000),
utilizing Cu Ko radiation (A=1.541 A) at a voltage of 50 kV
and a current of 30 mA, with 20 values ranging from 10° to
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80°. Surface morphology and compositional analysis was
performed using FESEM (Carl Zeiss FESEM at 10 kV)
equipped with an EDS system and transmission electron
microscopy (HRTEM, Thermo fisher). Additionally, ana-
lyzed the average zeta potential and particle size distribution
of the CeO,NPs using DLS (Malvern Zetasizer, Nano-S90,
UK).

Antioxidant Activity
DPPH (2, 2-diphenyl-1-picryl-hydrazyl-hydrate) Assay

The DPPH free-radical scavenging activity of CeO,NPs was
evaluated using the previous method [38]. Briefly, a 0.2 mM
DPPH solution was prepared in methanol, and varying con-
centrations of CeO,NPs (10, 50, 100, 150 and 200 pg/mL)
were also dissolved in methanol. 50 pL of the DPPH solu-
tion was added to micro plates with different amounts of
nanoparticles. After shaking the reaction mixture, incubate
it in the dark for 30 min. After measuring the absorbance
at 570 nm, the scavenging activity was computed using the
formula below:

Inhibition (%)
_ [ Absorbance (Control) — Absorbance(Sample)
B Absorbance (Control)

(D
x 100

ABTS (2, 2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)) Assay

An 8 mM stock solution was prepared by dissolving 44 mg
of ABTS in 10 mL of distilled water [38]. Equal volumes of
a 3 mM potassium persulfate solution were added to gen-
erate the ABTS radical cation (ABTS*"). Then incubated
this mixture in the dark at 25 °C for 12 to 18 h. Before
the experiment, prepared a fresh working solution of ABTS
radical by mixing ABTS®" with methanol in a 1:2 ratio. It
was mixed with 290 pL of the ABTS radical solution in a
96-well plate. The test sample solution had concentrations of
10, 50, 100, 150 and 200 pug/mL. The mixture was allowed
to sit for 30 min at 25 °C, after which the absorbance was
measured at 734 nm using a Microplate Reader (BioTek,
ELX800) and calculated using Eq. (1).

Hydrogen Peroxide (H,0,) Scavenging Assay

The previous method was used to examine the effect
of CeO,NPs on the scavenging of hydrogen peroxide
[39]. A 40 mM solution of hydrogen peroxide was pre-
pared using phosphate buffer saline (PBS). Next, treat

different concentrations (10, 50, 100, 150 and 200 pg/mL)
of CeO,NPs with 0.6 mL of the 40 mM H,0, solution and
incubate for 10 min before measuring the absorbance at
230 nm and and calculated using Eq. (1).

Superoxide Dismutase (SOD) Activity

CeO,NPs capacity to scavenge superoxide radicals was
assessed using a solution that contained 0.02 mM riboflavin,
50 mM PBS, and 1 mM EDTA [40]. Nitroblue tetrazolium at
a concentration of 0.75 mM was added to the mixture. Next,
treat the reaction with CeO,NPs at various concentrations of
10, 50, 100, 150 and 200 pg/mL. After exposure to fluores-
cent light for 7 min, the scavenging activity was measured
at 560 nm and and calculated using Eq. (1).

Reducing Power Activity

Different concentrations of CeO,NPs (10, 50, 100, 150 and
200 pg/mL) with 200 mM sodium phosphate buffer and fer-
ricyanide were used to assess their reducing power potential
[41]. Next, incubate the mixture in the dark at 50 °C for
20 min. The reaction was subsequently stopped by adding 50
uL of TCA. The reaction sample was centrifuged for 10 min
at 3000 rpm in order to extract the supernatant. A volume
of 50 pL of the supernatant was added to microtiter plates
containing 0.1% ferric chloride, and the plates were incu-
bated for 10 min. Then, the absorbance limit was measured
at 700 nm and calculated.

FRAP (Ferric reducing antioxidant power) Assay

A FRAP assay was performed following the previously
established protocol [42]. To 0.2 M sodium phosphate
(1 mL), 1% potassium ferricyanide (1 mL) was added. This
mixture was then combined with 1 mL of CeO,NPs at vary-
ing concentrations (10, 50, 100, 150 and 200 pg/mL) and
incubated for 20 min at 50 °C. After adding 2.5 mL of 10%
TCA, the mixture was centrifuged at 3000 rpm for 10 min.
After this, mix the supernatant (1.5 mL) with distilled water
(1.5 mL), 0.1% FeCls;, and 0.1 mL of the appropriate reagent.
The absorbance was then measured at 700 nm and calculated
using Eq. (1).

Antibacterial Activity

The antibacterial potential of CeO,NPs was evaluated
against Staphylococcus aureus, Bacillus subtilis, Escheri-
chia coli, Klebsiella pneumonia, and Salmonella typhi
using the Kirby-Bauer disk diffusion method [43]. Micro-
bial strains were subcultured in nutrient broth overnight
at 37 °C. Following this, 100 pL (1 x 10° cfu/mL) of the
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overnight cultures were inoculated into the sterilized nutri-
ent broth and incubated at 37 °C for 4-5 h. Mueller—Hinton
agar (20 mL) was applied to petri plates and left to harden.
Next, 100 pL of the microbial inocula (1 X 100 cfu/mL) was
evenly spread onto the agar surface. After the 6 mm filter
paper discs were autoclaved and filled with 10, 50, 100, 150
and 200pL of synthesized CeO,NPs, they were put on the
agar plates and left to grow overnight at 37 °C. The zones
of bacterial growth inhibition around the discs were meas-
ured. This assay was conducted in triplicate and the zone of
inhibition values were measured. Streptomycin served as
the standard control.

Anti-Inflammatory Activity

Following the procedure described by Tanaka et al. [44], the
inhibitory properties of CeO,NPs on COX were evaluated
using the COX-1 and COX-2 test kits. The substrate was
1.1 mM arachidonic acid, while the positive control was a
10 mM Ibuprofen solution. Evaluated the ability of CeO,NPs
to inhibit the peroxidase activity of COXs according to the
kit manufacture instructions. Absorbance at 590 nm was
measured and calculated using the Synergy Il reader (BioTek
Instruments, USA) to colorimetrically detect N,N,N',N'-
tetramethyl-p-phenylenediamine in 96-well plates.

Antidiabetic Activity
a-Amylase Inhibition Activity

The a-amylase inhibitory assay was performed according
to the previous method with minor modifications [45]. The
reaction took place in a 96-well microplate using an assay
mixture consisting of 50 pL of 50 mM PBS, 50 pL of 16
U/mg a-amylase and varying concentrations of CeO,NPs
(10-200 pg/mL) at a pH of 5.8, which was pre-incubated
at room temperature for 15 min. Then, 50 pL of 1% soluble
starch (50 mM PBS) was added as a substrate to start the
reaction. It was left to sit at room temperature for incubation
for 10 min. After incubation, the absorbance of the reaction
mixture at 405 nm was measured spectrophotometrically.
The inhibition of a-amylase activity was expressed as a per-
centage of inhibitory activity using the following formula in
comparison to the standard drug Acarbose.

o — amylase inhibition (% )
_ [ Absorbance (Control) — Absorbance(Sample)
- Absorbance (Control)

x 100
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a-Glucosidase Inhibition Activity

The analysis of a-glucosidase inhibition activity was
conducted following the previous method [45]. Briefly, a
96-well microplate was pre-mixed with 50 pL of 0.3 mM
PBS at pH 6.8, 40 pL of a-glucosidase (1 U/mL) and 20 pL.
of different doses of CeO,NPs (10-200 pg/mL) and incu-
bated at 37 °C for 10 min. After that, 40 pL of 2 mM P-NPG
was added and the reaction was left to continue for another
10 min at 37 °C. The reaction was then terminated by adding
70 pL of Na,CO; (0.2 M). A microplate reader was used to
measure the p-nitrophenol release spectrophotometrically at
405 nm and the results were compared to those of the ref-
erence medication acarbose. The a-glucosidase inhibitory
activity was determined using the following formula:

Absorbance (Control) — Absorbance(Sample)
Absorbance (Control)

x 100

a — glucosidase inhibition (% ) =

Cholinesterase (ChE) Inhibition Activity

The inhibition of acetylcholinesterase (AChE) and butylcho-
linesterase (BChE) was evaluated using Ellman’s method with
slight modifications [46]. A sample of CeO,NPs and the stand-
ard galantamine was prepared in 1 mL of DMSO along with
appropriate amounts of PBS (pH 7.7) at varying concentra-
tions. Some test samples (25 pL), DTNB in buffer (80 pL) and
an enzyme (AChE/BChE, 2 U/mL) were put in a 96-well plate
and left there for 5 min. Following this, 15 pL of the substrate
(acetylthiocholine iodide and butyrilthiocholine iodide) was
added and the mixture was incubated for an additional 5 min.
The absorbance was then measured with a micro plate reader
at 415 nm and 25 °C. The percentage of inhibition was calcu-
lated using the following equation:

Absorbance (Sample)

- x 100
Absorbance (Control)

Enzyme inhibition activity (%) = 1

Cytotoxicity Assay

Human lung adenocarcinoma cells (HepG2) were obtained
from the National Centre for Cell Sciences (NCCS) in Pune,
India. DMEM was used to cultivate these cells. An antibiotic
solution containing 100 U/mL of penicillin and 100 pg/mL
of streptomycin was also added, along with 10% fetal bovine
serum. The cells were subculture until they achieved 70%
confluence after being incubated at 37 °C with 5% CO,.
The cytotoxicity of CeO,NPs on HepG2 cells was
assessed using the MTT assay [47]. A stock solution of the
test sample was prepared by dispersing CeO,NPs (10 mg/
mL) in a culture medium and sonicating for 1 h to prevent
particle agglomeration. From the stock solution, differ-
ent amounts of CeO,NPs (12.5, 25, 50, 100 and 200 pg/
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mL) were taken and vortexed vigorously for 30 s before the
experiment. A layer of cells that were completely connected
was trypsinized and seeded into 96-well tissue culture plates
at a density of 5x 10° cells/well. The plates were then kept
at 37 °C with 5% CO, for 24 h. Different concentrations of
the test samples were added to the cells and incubated for an
additional 48 h in the same conditions. After that, 100 pL of
MTT solution (1 mg/mL) was put into each well. The plates
were then left to sit for 4 h so that formazan crystals could
form. The used media was taken out after incubation and 100
pL of DMSO was added to break up the formazan crystals.
A microplate reader was used to measure the absorbance at
570 nm. The viability of the cells was calculated using the
following formula:
Number of live cells — dead cells

Cell viability (%) = 109
ell viability (%) Total number of cells )

Statistical Analysis

Each experiment was conducted in triplicates (n=3) and the
data are expressed as mean +SD. A comparative analysis of
the differences between control and experimental values was
performed using one-way analysis of variance (ANOVA) by
Graph Pad Prism version 10.2.3 software. Statistical signifi-
cance was noted for p values less than 0.05 (p <0.05).

Results and Discussion
UV-Visible Spectral Analysis

The UV-Vis spectroscopy analysis revealed that CeO,NPs
display distinct absorption peaks in the UV region. The
CeO,NPs exhibited sharp absorption maxima at 323 nm,
326 nm and 332 nm across different concentrations (Fig. 1).
The 300-340 nm peaks are caused by CeO,NPs intrinsic
band-gap absorption, which is caused by electronic transi-
tions between the valence and conduction bands [48]. The
absorption spectra provide insights into the nanoparticles'
physical properties, including size, shape and synthesis
conditions. The strong, narrow absorption peaks in the UV
region suggest these nanoparticles' potential for medical
and industrial applications [49]. These results are similar
to those from earlier research that used Salvadora persica
aqueous extract to make CeO,NPs and found similar absorp-
tion peaks in the 320-330 nm [27].

FTIR Analysis

FT-IR analysis helps to identify the various functional
groups attached to the surface of CeO,NPs. Figure 2 dis-
plays the FTIR spectrum result of CeO,NPs synthesized

Absorbance (a.u)

T T T T T T T
200 250 300 350 400 450 S00 550 600
Wavelength (nm)

Fig.1 UV-Vis absorption spectral analysis of synthesized CeO,NPs
at different concentrations

using A. sessilis extract. The FTIR analysis results of
CeO,NPs synthesized from plant extracts showed the
presence of various major functional groups by scanning
in the wavelength range of 400 to 4000 cm™'. In particu-
lar, the synthesized CeO,NPs show clear resonance peaks
at wavenumbers 3448, 1645, 1567, 1388, 1078, 658, and
564 cm~!. The vibrational peaks at 564 and 658 cm™~! are
due to Ce-O stretching and the absorption band at 1567
and 1388 indicates the presence of C-O bonds. FTIR
analysis of CeO,NPs indicated that the peaks recorded
at 3448 cm™! indicate the presence of O—H groups, while
the vibrational stretches at 1645 cm™! are due to and due
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Fig.2 FTIR spectral analysis of synthesized CeO,NPs

@ Springer



644

Biomedical Materials & Devices (2026) 4:638-654

to the presence of C—H group. The increased volumes of
CeO,NPs showed all the characteristic peaks and matched
the individual vibrational stretches of CeO with little
change in peak stability. The CeO,NPs spectrum had
similar absorption patterns to the extract, but they were
less intense and had slightly lower frequencies [50]. This
implies that the plant's biomolecules encircled the nano-
particles during their formation. This confirms that bio-
logical molecules play a crucial role in the green synthesis
and stabilization of CeO,NPs in aqueous media [27]. The
characteristic peaks at 658 and 564 cm™1 particularly con-
firm the successful formation of CeO,NPs [51].

XRD Analysis

The material identity, crystallinity, size, and purity of the
green-synthesized CeO,NPs were determined by analyz-
ing the X-ray diffraction patterns. As shown in Fig. 3, the
spectral analysis of the NPs showed that the most stable
edge peaks were observed, demonstrating the crystallinity
of the CeO,NPs. The biosynthesized CeO,NPs showed
clear diffraction peaks at 20 values of 28.6°, 33.1°, 47.5°,
56.4°, 59.1°, 68.1°, 76.8° and 79.1°. Furthermore, these
peaks corresponded to the (111), (200), (220), (311),
(222), (400), (331) and (420) crystallographic planes.
There were no impurity peaks found in the patterns, and
all of the peaks closely matched the standard CeO,NPs
(JCPDS PDF: 34-0394) pattern, which is the face-centered
cubic (FCC) structure. This structure matches what was
seen when similar XRD results were found in a previous
study for CeO,NPs made from Olea europaea leaf extract
[52]. The absence of additional peaks in the XRD pattern

(111)

(220)

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (degree)

Fig.3 XRD pattern analysis of synthesized CeO,NPs
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indicates excellent purity of the produced nanoparticles.
These results are consistent with previous research that
found the presence of major crystallographic sites as XRD
peaks in CeO,NPs prepared from oysters [51].

FESEM and HR-TEM Analysis

The electron microscopic technique serves as a robust tool
for assessing the size and shape of synthesized nanoparti-
cles. Figure 4 illustrates the FESEM and HR-TEM images
of the biosynthesized CeO,NPs. The FESEM analysis shows
that the synthesized CeO, NPs are evenly spread out and
mostly spherical and oval in shape (Fig. 4A). Further analy-
sis using HR-TEM shows that the final product is made up of
closely packed nanoparticles that are 28-32 nm across and
oval in shape (Fig. 4B). The particle size distribution histo-
gram from the HR-TEM micrograph analysis shows that the
particles are mostly the same size, with a median diameter
of 29.7 +0.5 nm. The CeO,NPs made from Origanum majo-
rana plant extracts also have a spherical shape, measuring
between 10 and 70 nm and this is mostly because of the fla-
vonoids and phenolic compounds found in the plant extract
[28]. Additionally, another study found that the synthesized
CeO,NPs exhibited spherical shapes with an average particle
size of 15 nm [51].

DLS and Zeta Potential Analysis

The DLS technology is used to look at the sample's particle
size distribution. It treats each particle as a separate sphere
moving in Brownian motion and given a hydrodynamic
radius. DLS is mainly used to determine the particle size
and shell thickness of a capping or stabilizing agent that
forms metal nanoparticles. DLS primarily determines the
particle size and shell thickness of capping or stabilizing
agents, which helps in the growth of synthesized nanopar-
ticles [53]. As shown in Fig. 5A, the synthesized CeO,NPs
show a narrow particle size distribution and their average
particle size is calculated to be 94 nm.

Zeta energy (ZP) values reveal details regarding the
surface area charge and stability of the samples. Fig-
ure 5B shows that CeO,NPs have an average ZP value
of —28.57 mV. The ZP value of —28.57 mV clearly indicates
that the biocompatible CeO,NPs have excellent stability. The
high negative values of zeta energy confirm that the closed
particles on the surface of CeO,NPs mainly contain nega-
tively charged groups, which have stability of the nanopar-
ticles. Proteins in A. sessilis leaf extract are responsible for
the reduction of metal ions. They are efficient in stabilizing
the aggregated nanoparticles. Previous research reported that
green-synthesized CeO,NPs exhibited size of 45 nm, along
with a negative charge [54].
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Fig.4 A FESEM and (B) HR-TEM morphology analysis of synthesized CeO,NPs

Antioxidant Activity

Antioxidants are substances that can neutralize reactive spe-
cies by inhibiting oxidation reactions, thereby shielding cells
from damage resulting from the overproduction of reactive
oxygen species (ROS) [55]. Numerous natural compounds
found in plant extracts have antioxidant properties. The
demand for these natural antioxidants is high due to their
effectiveness in mitigating ROS-related pathogenesis associ-
ated with various degenerative diseases [56]. To assess the
antioxidant capacity of biosynthesized CeO,NPs, various
tests are employed. These methods are utilized to evaluate
the scavenging ability of antioxidants in a range of foods,
including juices, vegetables, extracts and biosynthesized
nanomaterials. They are appreciated for being straightfor-
ward, cost-effective and highly sensitive [54, 57].

Figure 6 shows that the antioxidant power of biosynthe-
sized CeO,NPs increased significantly at five different con-
centrations (10, 50, 100, 150 and 200 pg/mL). The spectro-
photometric DPPH scavenging assay quantifies the ability
of these nanoparticles to neutralize DPPH free radicals. At a
concentration of 200 pg/mL, the DPPH activity of CeO,NPs

was measured at 74.68 +1.39%. The ICs, value for DPPH
was found to be 107.16 pg/mL, compared to a positive
control value of 79.88 pug/mL. The ABTS assay showed an
antioxidant potential of 70.85+ 1.28% at the same concen-
tration. The ICs, value for ABTS was 122.93 ug/mL and the
value for the positive control was 100.66 pg/mL. The H,0,
and SOD tests showed that 200 ug/mL of CeO,NPs effec-
tively got rid of radicals, with activities of 68.72 +1.29% and
63.47 + 1.14%, respectively. The ICs, values for H,O, were
130.05 pg/mL, while the positive control was 109.68 ug/
mL and for SOD, the IC, values were 144.12 ug/mL,
with a positive control of 116.82 pg/mL. Also, CeO,NPs
had RPA activities of 72.94 +1.29% and FRAP activities
of 65.58 +1.24% at 200 pg/mL. The ICy, values for RPA
were 111.34 pg/mL and the positive control was 91.04 pg/
mL. The 131.88 pug/mL for FRAP and the positive control
was 114.73 pg/mL. Overall, the DPPH test showed that the
200 pg/mL concentration of CeO,NPs had the highest anti-
oxidant potential (74.68 + 1.39%). Furthermore, we found a
direct correlation between an increase in CeO,NPs concen-
tration and an enhancement in their reducing potential across
all antioxidant activities.
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Fig.5 A DLS analysis and (B) Zeta potential analysis of synthesized CeO,NPs

A study found that CeO,NPs green made from Abel-
moschus esculentus extract had the highest antioxidant
activity (88.15%) when diluted to 100 pg/mL [58].
According to Pandiyan et al. [25], StO/CeO,NPs made
from P. murex leaf extract had the highest antioxidant
activity of 89%. Additionally, research showed that green
CeO,NPs synthesized from Oroxylum indicum seed
extract demonstrated a maximum scavenging activity of
63.4+3.17% at 100 pg/mL [30]. Biogenically, CeO,NPs
made from Origanum majorana leaf extract increased the
levels of catalase and superoxide dismutase, showing bet-
ter antioxidant activity [28]. Also, CeO,NPs made from

@ Springer

Ceratonia siliqua extracts showed antioxidant properties
that changed with dose, with higher concentrations show-
ing the most antioxidant potential. Remarkably, these
CeO,NPs showed superior antioxidant activity in com-
parison to this study [29].

Antibacterial Activity

The antibacterial efficacy of biosynthesized CeO,NPs
was evaluated against five pathogenic bacteria, including
S. aureus, B. subtilis, E. coli, K. pneumonia and S. typhi.
The results showed that synthesized CeO,NPs were very
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effective at killing all strains of bacteria that were tested at
a concentration of 200 pg/mL (Table 1). It's worth mention-
ing that CeO,NPs had the highest ZOI against S. aureus
(23.97 £ 1.29 mm), B. subtilis (21.38 +1.16 mm), E. coli

10pg/mL

SOpg/mL  100pg/mL  150pg/mL
Concentration (ng/mL)

200pg/mL

*#%p <(0.0001). An asterisk signifies significant differences when
compared to the control group

(25.04 £1.45 mm), K. pneumoniae (22.90+1.21 mm) and
S. typhi (19.78 £ 1.06 mm) when compared to the positive
control. The antibacterial effects were statistically superior
to those of the positive control. E. coli (25.04 +1.45 mm)
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Table 1 The antibacterial

. . Name of the pathogens
activity of synthesized

Zone of Inhibition (mm) Concentration (ug/mL)

CeO,NPs at different PC 10 50 100 200
concentrations against gram- - — — —
positive and gram-negative S. aureus 22734124 15294035  17.82+0.51"  20.61+0.86™ 23.97+1.29
bacteria B. subtilis 20.58+1.17 13.74+0.28" 16.13+0.47" 18.92+0.74" 21.38+1.16"
E. coli 2494+134 16894042 18.64+0.85"" 21.49+132" 2504+145"
K. pneumonia 2149+1.07 14.28+031"" 17.93+0.56" 19.38+0.83™" 22.90+1.21""
S. typhi 1938+0.95 12.41+025" 145940417 16.71+0.52"" 19.78+1.06""

Values are expressed as mean=+ SD (¥*p<0.05; **p<0.001; ***p <0.0001)

An asterisk signifies significant differences when compared to the control group

have the highest ZOI in comparison to the other strains. The
pronounced antibacterial activity against the bacteria sug-
gests that the cell wall plays a crucial role in the suscepti-
bility of these bacterial species to CeO,NPs. Bacteria can
bind and take in negatively charged CeO,NPs better because
they have a lot of cell surface proteins and teichoic acids
[32]. Furthermore, the particle size, high surface-to-volume
ratio and ROS generation of CeO,NPs contribute to their
antibacterial properties. Multiple studies have elucidated the
antibacterial mechanisms of nanoparticles, which disrupt the
bacterial cell membrane, cytoplasm and nucleic acids, ulti-
mately compromising cellular integrity and leading to cell
death [59, 60]. A study reported that the biosynthesis of
CeO,NPs at 100 pg/mL exhibited the highest ZOI of E. coli
(22 +0.3), as observed [54]. Another study reported that the
synthesis of CeO,NPs using Aloe vera leaf extract, at 75 pg/
mL, exhibited the highest ZOI of S. aureus (22.33 +1.67),
as observed [61].

Anti-Inflammatory Activity

The body uses inflammation as a systematic response
to defend itself against harmful agents such as bacteria,
irritants, adverse stimuli and damaged cells [62]. The
anti-inflammatory qualities of several metallic nano-
particles and secondary metabolites have been shown
in numerous in vitro and in vivo investigations. Flavo-
noid compounds, such as vitexin, isovitexin, orientin and
isoorientin, may be used in the biosynthesis of NPs [47,
63]. These compounds are known for their strong anti-
inflammatory properties. These flavonoids work against
cyclooxygenase (COX-1 and COX-2) and other related
enzymes. This lowers the levels of inflammation-causing
prostanoids and leukotrienes. Current and emerging thera-
pies aim to address inflammatory disorders by significantly
alleviating symptoms [64]. Notably, metallic NPs possess
a unique ability to penetrate microbial cell membranes,
which can enhance the delivery of specific drugs during
microbial infections. Recent scientific advancements focus
on synthesizing NPs designed to manage inflammatory
conditions through the incorporation of anti-inflammatory

Table 2 CeO,NPs demonstrated

. - Name of the drug
anti-inflammatory activity at

Conc. (ug/mL)

Inhibition (%)

varying concentrations for COX-1 1Cy, COX-2 ICy,
COX-1 and COX-2
Tbuprofen 10 28.83+0.46 25.18+0.52
50 39.61+0.62 36.62+0.71
100 55.92+0.85 78.60 ug/mL  51.49+0.93 92.23 ug/mL
150 74.29+1.13 69.21+1.12
200 89.36+1.38 82.47+1.26
CeO,NPs 10 22.58+0.49" 19.35+0.417
50 32.75+£0.65" 28.59+0.54"
100 48.32+0.84" 101.34 pg/mL.~ 41.73+£0.82"°  125.07 pg/mL
150 66.47+1.06" 56.82+0.96""
200 80.91+1.22" 71.58+1.16™

Ibuprofen was used as a positive control

Values are expressed as mean+SD (¥p <0.05; **p <0.001; ***p <0.0001)

An asterisk signifies significant differences when compared to the control group
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agents [65]. The anti-inflammatory efficacy of CeO,NPs
was evaluated using various in vitro assays, including
COX-1 and COX-2. Results from these assays revealed
strong inhibitory activity across all tested CeO,NPs at
various concentrations. Table 2 showed that CeO,NPs
(200 pg/mL) had the highest inhibitory activity of COX-1
(80.91 +1.22%), followed by COX-2 (71.58 £1.16%).
ICs, values of COX-1 exhibit 101.34 pg/mL and the posi-
tive control for 78.60 ug/mL. The COX-2 ICs, value is
125.07 pg/mL and the positive control is 92.23 ug/mL.
Overall, the results show that CeO,NPs (200 ug/mL) can
effectively block both COX-1 and COX-2 enzymes, which
are important in inflammatory processes.

Antidiabetic Activity

Diabetes mellitus is a high-risk metabolic disorder charac-
terized by prolonged elevated blood sugar levels, along with
disrupted metabolism of fats, proteins and carbohydrates.
Inhibiting carbohydrate-metabolizing enzymes, especially
a-amylase and a-glucosidase, strongly is an effective way
to treat diabetes [66]. Chemical medicines like acarbose and
voglibose stop these enzymes from working, which stops
disaccharides from turning into monosaccharaides and low-
ers the amount of glucose that gets into the bloodstream
[67]. However, these synthetic drugs are associated with var-
ious side effects. Therefore, researchers are becoming more
interested in natural inhibitors that come from plants. These
inhibitors may work well against these enzymes because
they contain many different phenolic compounds, alkaloids,
terpenes and other bioactive substances [68].

This study found that green synthesized CeO,NPs blocked
a-amylase more effectively than a-glucosidase (Fig. 7). A
significant dose-dependent response was seen in the anti-
diabetic potential linked to the inhibitory activity of these
enzymes as the concentration of CeO,NPs rose. At a concen-
tration of 200 pg/mL of CeO,NPs, the enzymes a-amylase
and a-glucosidase were found to show 70.46 + 1.37% and
79.58 +1.37% inhibition activity, respectively (Fig. 7A, B).
The calculated IC, values for CeO,NPs againsta-amylase
were 109.38 pg/mL, while the positive control was 74.98 pg/
mL. For a-glucosidase, the ICs, values for CeO,NPs were
determined to be 916.8 pg/mL, with the positive control at
69.30 pg/mL. Manasa et al. [69] have also reported similar
antidiabetic effects of ZnONPs from the Tabernaemontana
heyneana plant extract. The results show that the biofabri-
cated CeO,NPs are good at blocking enzymes that break
down carbohydrates. This suggests that they might be useful
for managing diabetes mellitus well.
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Fig.7 The synthesized CeO,NPs antidiabetic activity of (A)
a-amylase activity and (B) a-glucosidase activity at different concen-
trations. Values are expressed as mean+SD (*p<0.05; **p<0.001;
*##%p <(0.0001). An asterisk signifies significant differences when
compared to the control group

Cholinesterase Inhibition Activity

Alzheimer's disease (AD) is a common and devastating neu-
rodegenerative disorder that typically results in dementia
and declining cognitive functions, which generally worsen
with age [70]. Current therapeutic strategies for effectively
treating Alzheimer's involve the use of various synthetic
and natural molecules to inhibit cholinesterase enzymes
responsible for the disease [71]. Nanotechnology, a vast
field, holds promise for developing new treatment methods,
including drug delivery systems. In this study, we evalu-
ated the inhibition potential of biosynthesized CeO,NPs on
AChE and BChE. The CeO,NPs were tested across a con-
centration range of 10 ug/mL to 200 pug/mL. The highest
enzyme inhibition observed was 68.92 +1.39% for AChE
and 73.47 +1.53% for BChE at 200 pg/mL (Fig. 8A, B). The
calculated ICs, values were 131.78 ug/mL for AChE and
106.90 pg/mL for BChE. Previous studies have shown that
several metallic nanoparticles can inhibit AChE and BChE.
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Notably, biosynthesized magnesium hydroxide nanoparticles
demonstrated significant inhibition of cholinesterase activity
by 70.93% (AChE) and 87.94% (BChE) at 200 ug/mL [72].
Also, silver nanoparticles made from Aquilegia pubiflora
plant extract stopped AChE and BChE from working by 71%
and 67%, respectively [73].

Cytotoxicity Assay

The hallmark of cancer is the uncontrolled proliferation of
cells. Liver cancer is the sixth most frequent type of can-
cer worldwide, and it causes about 700,000 deaths annually
[74]. Liver cancer can be treated with surgery, liver trans-
plantation, targeted therapies, interventional therapies, radi-
ofrequency ablation, chemotherapy and microwave ablation.
Nanotechnology and chemicals derived from plants have
recently drawn more attention as potential treatments for
hepatocellular cancer [75]. Reports indicate that biosyn-
thesized NPs demonstrate significant anti-cancer activity
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Fig.9 Cell viability assay of synthesized CeO,NPs for HepG2 cell
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group

against the HepG2 cell line, indicating their potential for
developing liver cancer therapeutics [47, 76].

This study used biosynthesized CeO,ONPs to target the
HepG2 cancer cell line (Fig. 9). After 24 h of incubation, a
dose-dependent decrease in cell viability was observed, with
a reduction of 45.92+0.69% at 200 pg/mL (Fig. 9A). The
maximum concentration of CeO,NPs (200 pg/mL) resulted
in a 28.59+0.39% decrease in cell viability compared to
the control after 48 h (Fig. 9B). The survival features of
cancer cells are distinct from those of normal cells. Bio-
synthetic iron oxide nanoparticles prepared from Cocos
nucifera extract showed anti-cancer activity against HepG2
cells, reducing cell viability by up to 68.87% [77]. Ashraf
et al. [78] also found that green ZnONPs made from Boer-
havia diffusa Linn extract effectively stopped HepG2 cell
growth, resulting in 33 +1.61% cell viability, showing that
they could be a promising therapeutic approach.



Biomedical Materials & Devices (2026) 4:638-654

651

Conclusion

The current study highlights the biosynthesis of CeO,NPs
using environmentally friendly green techniques with an
aqueous extract from A. sessilis plants. This approach is
characterized as a simple, safe, eco-friendly and one-step
process, thereby promoting the adoption of photosynthe-
sis for the preparation of other metal oxide nanoparticles.
The biogenic CeO,NPs display a distinct UV-Vis spec-
trum absorption range at 326 nm. FTIR spectrum analysis
revealed various functional groups, while XRD analysis
confirmed the crystalline structure of the CeO,NPs. The
FESEM and HR-TEM methods confirmed the presence of
CeO,NPs, which had spherical and oval shapes and an aver-
age particle size of 29 nm. Zeta potential studies confirm
that the synthesized CeO,NPs have a negative charge of
-28 mV. These nanoparticles exhibited strong antioxidant
properties and demonstrated effective antibacterial activ-
ity. Additionally, the CeO,NPs demonstrated strong anti-
inflammatory potential by inhibiting the enzymes COX-1
and COX-2, which cause inflammation. Furthermore, bio-
logical tests showed that the biosynthesized CeO,NPs have
strong inhibitory effects on enzymes that cause antidiabetic
and anti-cholinergic activities. The cytotoxicity tests showed
that these CeO,NPs are harmful to HepG2 cancer cells, as
shown by a significant drop in cell viability. In summary,
the green synthesis of CeO,NPs presents a non-toxic, cost-
effective and safe approach, positioning them as a highly
promising option for various biological applications.
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