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Abstract: This study demonstrates the green synthesis of cerium oxide nanoparticles (Ceria-NPs) using Withania 

somnifera leaf extract (WS-Ceria-NPs), providing an eco-friendly and biocompatible alternative to conventional 

physicochemical routes. The phytochemicals in W. somnifera act as natural reducing and stabilizing agents, 

imparting additional biofunctional properties to the nanoparticles. The synthesized WS-Ceria-NPs were 

extensively characterized by UV-Vis spectroscopy, FTIR, SEM, EDX, XRD, zeta potential analysis, and HRTEM, 

confirming their crystalline structure, stability, and average size of 20–35 nm. A key innovation of this work is 

the observation of dual band gap energies (3.8 eV and 2.1 eV), arising from oxygen vacancies and Ce³⁺/Ce⁴⁺ redox 

cycling, which enhance their catalytic and biomedical potential. Biocompatibility studies revealed significant 

antibacterial activity against Escherichia coli (inhibition zone ~18 mm), strong antioxidant capacity (82% DPPH 

scavenging at 100 µg mL-1, surpassing ascorbic acid), and potent anti-inflammatory effects (74% inhibition of 

protein denaturation). Moreover, the nanoparticles effectively reduced nitric oxide levels by ~45% in LPS-treated 

colon cancer pancreatic cells, demonstrating their ability to modulate oxidative stress and inflammation. These 

findings underscore the innovation and importance of integrating medicinal plant extracts into nanomaterial 

synthesis to generate multifunctional, stable, and clinically relevant nanomaterials for antimicrobial, antioxidant, 

and anti-inflammatory biomedical applications. 
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1. Introduction 

The advent of nanotechnology has introduced the study of nanoparticulate systems in a 

new era of innovation in biomedical and environmental sciences [1,2]. Through its lens, the 

synthesis and application of nanoparticles with tailored physicochemical characteristics have 

transformed the field of scientific exploration [3,4]. Silver [5–7], gold [8], carbon dots [9,10], 

zinc oxide [11,12], and titanium dioxide [13], copper oxide [14] nanoparticles, which have 

been extensively studied for their antimicrobial, catalytic, and other applications, are some of 

the glaring examples [15–18]. Among metal oxide nanoparticles, cerium oxide nanoparticles 
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(CeO2NPs) have gained significant attention due to their distinctive redox properties, 

biocompatibility, and diverse biomedical applications [19]. The ability of CeO2NPs to 

transition between Ce4+ and Ce3+ oxidation states allows them to function as effective 

antioxidants and radical scavengers. Studies have demonstrated the efficacy of CeO2NPs in 

mitigating reactive oxygen species (ROS)-induced cellular damage [20]. In addition to their 

redox capabilities, CeO2NPs synthesized using plant-based methods have shown improved 

biocompatibility and stability compared to those synthesized through conventional 

physicochemical routes. With the growing demand for sustainable nanomaterials, plant-

mediated synthesis has emerged as a viable alternative, which reduces the need for hazardous 

chemicals and high-energy inputs commonly associated with traditional synthesis methods 

[21,22]. Despite these advances, challenges remain in achieving eco-friendly, scalable, and 

multifunctional nanoparticle synthesis that can bridge the gap between material design and 

biomedical applications [23,24]. 

Nanoparticles can be synthesized via physical, chemical, or biological routes. While 

physical and chemical methods such as sol–gel, co-precipitation, and hydrothermal techniques 

are widely used, they often require high energy and hazardous reagents [25,26]. Biological or 

‘green’ synthesis, on the other hand, employs plant extracts, microorganisms, or biomolecules 

as reducing and stabilizing agents, offering eco-friendly and biocompatible alternatives [27]. 

Plant-mediated approaches are particularly attractive, as phytochemicals play a dual role in 

reducing metal ions and stabilizing nanoparticles, aligning with the current emphasis on 

sustainable nanomaterials for biomedical applications [28]. 

Withania somnifera has been extensively used in traditional medicine for its 

adaptogenic, antioxidant, anti-inflammatory, and rejuvenating properties. Also commonly 

known as Ashwagandha, it has played a vital role in Ayurveda and other ethnomedicinal 

systems, while addressing conditions such as stress, arthritis, and neurodegenerative disorders 

[29]. The phytochemicals present in its leaf extract, such as flavonoids, alkaloids, and tannins, 

contribute to its therapeutic potential and enhance the stability of nanoparticles synthesized 

using green chemistry approaches [30]. Although other plants have been used for the 

biosynthesis of CeO₂ nanoparticles, reports on W. somnifera-mediated synthesis remain scarce. 

Its unique phytochemicals not only stabilize nanoparticles but may also impart additional 

therapeutic properties, a feature underexplored in previous studies. Notably, other species 

within the Withania genus, such as Withania coagulans, have also been reported for 

nanoparticle synthesis, in which their phytochemicals facilitate antifungal, antimicrobial, and 

photocatalytic applications [31,32]. These studies highlight the potential of the genus Withania 

across green nanotechnology, whereas our work focuses specifically on the biomedical 

applications of W. somnifera-derived ceria nanoparticles. The role of plant-derived CeO2NPs 

in augmenting biological functionalities by facilitating better dispersibility and 

biocompatibility has been studied [33]. The use of W. somnifera extract for nanoparticle 

synthesis offers additional benefits, including reduced cytotoxicity and the incorporation of 

bioactive compounds that can further enhance the therapeutic properties of CeO2NPs [19].  

The rise of antibiotic-resistant bacterial strains calls for the exploration of alternative 

antimicrobial agents [34]. Nanoparticles, including CeO2NPs, have demonstrated bactericidal 

properties through mechanisms such as oxidative stress induction and membrane disruption 

[35]. The evaluation of antioxidant activity is particularly important, as oxidative stress is 

implicated in the pathophysiology of several chronic diseases, including neurodegenerative 

disorders [36], diabetes [37], and cardiovascular conditions [38]. CeO2NPs have been reported 

https://doi.org/10.33263/LIANBS152.063
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS152.063  

 https://nanobioletters.com/ 3 of 22 

 

to mimic superoxide dismutase (SOD) and catalase-like activity, aiding in ROS neutralization 

[39]. Moreover, inflammation is a key factor in the progression of various diseases, including 

rheumatoid arthritis, inflammatory bowel disease, and cancer, in which chronic inflammatory 

responses contribute to tissue damage and disease progression [40]. Since prolonged 

inflammation is linked to autoimmune disorders and cancer progression, nanoparticles capable 

of modulating inflammatory responses may also have significant therapeutic implications [41]. 

However, most earlier works focused on either structural characterization or a single type of 

bioactivity, whereas this study integrates comprehensive characterization with multiple 

biological assays to demonstrate the multifunctionality of WS-Ceria-NPs. 

The innovation of this study lies in utilizing W. somnifera leaf extract to produce stable 

CeO₂ nanoparticles with unique dual band gap energies and multifunctional bioactivity. This 

eco-friendly approach highlights the importance of integrating medicinal plants into green 

nanotechnology to generate nanomaterials suitable for antimicrobial therapy, oxidative stress 

management, and inflammation control. The present work provides a comprehensive synthesis-

to-application investigation of WS-Ceria-NPs, combining detailed physicochemical 

characterization with antibacterial, antioxidant, and anti-inflammatory evaluations to 

demonstrate their biomedical potential. 

2. Materials and Methods 

This section describes the materials, synthesis procedure, characterization techniques, 

and biological assays used to investigate WS-Ceria-NPs. 

2.1. Materials and reagents. 

The following chemicals and biological materials were used in this study: Cerium 

nitrate hexahydrate (Ce(NO₃)₃·6H₂O, ≥99% purity) (1 mM) (Sigma-Aldrich, CAS No: 10294-

41-4, Product Code: 238538), Sodium hydroxide (NaOH, analytical grade) (0.03 M) (Merck, 

CAS No: 1310-73-2), Methanol (SRL, CAS No: 67-56-1), DPPH (2,2-diphenyl-1-

picrylhydrazyl, ≥95%) (Sigma-Aldrich, CAS No: 1898-66-4), Phosphate-buffered saline (PBS, 

pH 7.4) (Thermo Fisher Scientific, Product Code: 10010023), Bovine Serum Albumin (BSA, 

≥98%) (Sigma-Aldrich, CAS No: 9048-46-8), Ciprofloxacin (HiMedia, CAS No: 85721-33-

1), Lipopolysaccharide (LPS, from E. coli O55:B5, ≥99%) (Sigma-Aldrich, CAS No: 93572-

42-0), Griess Reagent Kit (Thermo Fisher Scientific, Product Code: G7921), Escherichia coli 

(E. coli, ATCC 25922), and Colon Cancer Pancreatic Cells (National Centre for Cell Science, 

NCCS Pune, India, Product Code: NCCS-5002 for PANC-1). W. somnifera leaves were 

collected from the botanical garden of KSAWU Vijayapura, which was identified and 

authenticated by Dr. Shivanand S. Bhat, Taxonomist, Smt. Indira Gandhi Government First 

Grade Women’s College, Sagar, Karnataka, India (Specimen Acc. No: IGGFWC/Sol-050). All 

chemicals were of analytical grade and used without further purification. 

2.2. Plant extract preparation and synthesis of ceria nanoparticles. 

The synthesis of plant extract and nanoparticles was carried out following the method 

of Khaoula Hkiri et al., with slight modifications [42]. W. somnifera leaves were washed 

thoroughly with running tap water and then with deionized water. The leaves were allowed to 

dry at room temperature until all moisture evaporated, and then ground into a coarse powder 

using an electric blender. 10 g of the dried leaf powder was added to 100 mL of deionized water 
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and mixed thoroughly. The mixture was heated for 10 min at 60–70°C, and the extract was 

filtered through Whatman filter paper No. 1. To the filtrate, 3.72 g of cerium nitrate 

hexahydrate (1 mM) was added and mixed. The resulting solution was stirred on a magnetic 

stirrer at 60°C for 3–5 h under constant stirring in a closed flask. A sterile burette was set up 

with 0.03 M sodium hydroxide solution and used to titrate the mixture dropwise until 

precipitation was observed, adjusting the final pH to ~9.0–9.5 to facilitate nanoparticle 

formation. The precipitate was allowed to settle, centrifuged at 10,000 rpm for 15 min, and 

washed three times with deionized water and ethanol to remove residual impurities. The 

washed material was transferred to a crucible and dried in a muffle furnace at 220°C for 2 h to 

obtain a grey-colored CeO₂ nanoparticle powder. The dried nanoparticles were collected, finely 

ground, and stored in airtight containers at room temperature until further use. 

2.3. Characterizations. 

Characterization of nanoceria involves a range of analytical techniques to assess its 

size, morphology, composition, structure, stability, and other physicochemical properties. The 

synthesized nanoceria, typically procured in powder form, was characterized using UV-Vis 

spectrophotometry, FTIR, SEM, EDS, XRD, zeta potential analysis, and HRTEM. UV-Visible 

spectrophotometry is a simple and prominent technique that measures absorbance in the range 

of 200–800 nm, with a scan speed of 400 nm/min and a resolution of 1 nm, influenced by 

factors like extrinsic vibrations and contaminants. The absorbance of nanoceria in UV is 

attributed to the charge alteration between O²⁻ and Ce⁴⁺ ions, and the characterization involves 

recording absorbance at various wavelengths. For this study, the JASCO V-670 UV-Vis-NIR 

Spectrophotometer was used. FTIR provides molecular fingerprints of nanoceria, identifies 

unknown materials, determines functional groups, and checks consistency. The analysis was 

conducted in the 4000–600 cm⁻¹ range with a resolution of 4 cm⁻¹, averaging 32 scans per 

sample using a PerkinElmer Spectrum instrument, with IR radiation absorbed and transmitted 

by the sample. SEM examines morphology, texture, and pore size by interacting with the 

sample surface, scattering electrons that are detected to form images. Nanoceria powder was 

ultrasonicated with a volatile solvent, such as alcohol or acetone, and a droplet of the 

suspension was placed on a stub substrate, dried, and analyzed using the JEOL JSM-IT500 

instrument at an accelerating voltage of 15 kV. EDS, integrated with SEM, enables chemical 

composition analysis by detecting characteristic X-rays emitted when a core-shell electron is 

ejected by an electron beam. XRD is used to determine crystalline grain size, phase 

composition, and crystal structure, analyzing diffraction patterns in the 2θ range of 10°–90°, 

with a step size of 0.02° and a scan rate of 2°/min, using Cu Kα radiation (λ = 1.5406 Å). Zeta 

Potential Analysis, measured using the HORIBA SZ-100, evaluates the surface charge of 

nanoparticles under an electric field by measuring electrophoretic mobility via laser Doppler 

velocimetry and applying the Henry equation. Samples were prepared by dispersing 1 mg mL-

1 of nanoparticles in deionized water, ultrasonicated for 15 min, and measured at 25°C with 

data averaged over three runs. HRTEM provides high-resolution imaging to measure particle 

size, size distribution, and morphology at the atomic scale. The analysis was conducted using 

the Jeol/JEM 2100 HRTEM, equipped with a 200 kV LaB6 electron gun, a point resolution of 

0.23 nm, a lattice resolution of 0.14 nm, and SAED capabilities. Nanoceria samples for 

HRTEM were prepared by dispersing the powder in ethanol, ultrasonically for 20 min, then 

placing a small droplet on a grid, drying under vacuum, and imaging at various locations to 

obtain representative data. 
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2.4. Biocompatibility studies. 

The biological potential of WS-Ceria-NPs was assessed through antibacterial, 

antioxidant, anti-inflammatory, and nitric oxide inhibition assays, as outlined in the following 

subsections. 

2.4.1. Antibacterial activity. 

The antibacterial potential of freshly prepared WS-Ceria-NPs was evaluated against 

Escherichia coli, a gram-negative bacterium, in comparison to Ciprofloxacin, an antibiotic 

effective against E. coli. Nutrient agar media was prepared by autoclaving and cooling it to a 

warm temperature, then pouring it into Petri plates, where it solidified for 30 min. Freshly 

prepared bacterial broth culture inoculum of E. coli was spread uniformly on the agar plates 

[43]. Wells were created using a syringe punch of specified diameter, and 100 µg of WS-Ceria-

NPs solution was added to each well. A Ciprofloxacin antibiotic disc was placed on the agar 

plate as the positive control. The plates were incubated at 37°C for 24 h, and the bacterial 

growth inhibition zones around the well and the antibiotic disc were observed and measured. 

2.4.2. Minimum inhibitory concentration (MIC) determination. 

The MIC of WS-Ceria-NPs was determined using the standard broth microdilution 

method according to CLSI guidelines (M07-A8). Two-fold serial dilutions of the nanoparticles 

were prepared in Mueller-Hinton broth to obtain final concentrations ranging from 500 to 31.25 

µg mL-1. The bacterial inoculum was adjusted to approximately 5×105 CFU mL-1 and added to 

each dilution. A growth control containing inoculated broth without nanoparticles was 

included. All tubes were incubated at 37°C for 24 h, and the MIC was defined as the lowest 

nanoparticle concentration at which no visible bacterial growth (turbidity) was observed. 

Turbidity was assessed visually before and after incubation to confirm the MIC value. 

2.4.3. Free radical scavenging assay. 

The antioxidant activity was assessed using the DPPH radical scavenging method, a 

popular, quick, and affordable approach based on the ability of antioxidants to scavenge free 

radicals. The antioxidant activity of nanoceria was compared to that of standard ascorbic acid. 

Samples of 50 µg mL-1, 100 µg mL-1, 150 µg mL-1, 200 µg mL-1, and 250 µg mL-1 

concentrations of nanoceria, as well as ascorbic acid at concentrations from 50 µg mL-1 to 250 

µg mL-1, were prepared and conjugated with 5 µg of DPPH in 50 mL of methanol. The mixture 

was vigorously vortexed and incubated in the dark for 30 min. After incubation, the solution 

was thoroughly mixed, and the optical density was measured at 517 nm. As a control, 1 mL of 

DPPH solution was used with various concentrations of distilled water to account for any 

interference. The DPPH radical scavenging activity (%) was calculated using the following 

formula: 

DPPH Scavenging Effect (%)  =  
𝐴0−𝐴1

𝐴0
× 100                 (1) 

Where: A0 is the absorbance of the control, and A1 is the absorbance of the sample with 

DPPH. 
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2.4.4. Anti-inflammatory activity of ceria nanoparticles. 

The anti-inflammatory activity of WS-Ceria-NPs was evaluated using the protein 

denaturation method, where the inhibition of albumin denaturation serves as a marker. The 

anti-inflammatory potential of nanoceria synthesized from W. somnifera was compared with 

the standard drug dexamethasone. Samples with concentrations of 50 µg mL-1, 100 µg mL-1, 

150 µg mL-1, 200 µg mL-1, and 250 µg mL-1 were prepared. For each sample, 1 mL of PBS and 

4 µL of BSA were added. Similarly, varying concentrations of dexamethasone (50 µg mL-1 to 

250 µg mL-1) were prepared using the same procedure for comparison. The samples were 

incubated at 70°C for 20 min and then allowed to cool to room temperature for 15 min to induce 

protein denaturation. The absorbance of the solutions was measured at 660 nm, and the 

percentage inhibition of protein denaturation was calculated using the following formula: 

Protein Denaturation Inhibition (%) =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100        (2) 

Where Acontrol is the absorbance of the control (BSA with PBS only), Asample is the 

absorbance of the sample containing nanoceria or dexamethasone. 

2.4.5. Nox assay. 

Colon cancer pancreatic cells were seeded into a 6-well polystyrene plate, with 700 µL 

of cell suspension added to each well, and incubated at 37°C for 24 h to allow complete 

adhesion. A stock solution of nanoceria was prepared by dissolving 10 mg of nanoceria in 1 

mL of deionized water. The cells were treated as follows: Well 1 served as a control; Well 2 

received 4 µL of lipopolysaccharide (LPS); Well 3 received LPS (4 µL) along with the 

nanoceria sample; and Wells 4, 5, and 6 received 20 µL, 40 µL, and 60 µL of the nanoceria 

sample, respectively. The plate was further incubated for 24 h at 37°C in a CO₂ incubator. After 

incubation, the supernatant from each well was carefully pipetted into sterile tubes, and an 

equal volume of Griess reagent was added. The tubes were incubated at room temperature for 

10 min, and the absorbance was measured at 540 nm to determine the nitric oxide levels, 

reflecting the effect of nanoceria on NOX activity. 

2.4.6. Statistical analysis. 

All experimental data were analyzed using GraphPad Prism 10 (GraphPad Software, 

USA). One-way analysis of variance (ANOVA) was performed to compare multiple groups, 

followed by Tukey’s post hoc test for pairwise comparisons. Two-way ANOVA was conducted 

to assess the interaction between independent variables, with Sidak’s post hoc test applied for 

multiple comparisons. A p-value < 0.05 was considered statistically significant. Data are 

presented as mean ± standard deviation (SD). 

3. Results and Discussion 

The synthesized WS-Ceria-NPs were evaluated for their structural, morphological, and 

biological properties, and the findings are presented in the following subsections. 

3.1. Ceria nanoparticle synthesis. 

Ceria-NPs were successfully synthesized using a green method. A total of 1.5 g of grey-

colored Ceria-NPs was obtained from 10 g of W. somnifera leaf extract. Cerium nitrate 
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hexahydrate served as the precursor, and sodium hydroxide was used to facilitate precipitation 

and adjust the pH. This green synthesis approach highlights the dual role of plant extracts as 

reducing and stabilizing agents, ensuring an eco-friendly and efficient process. The successful 

formation of CeO₂ nanoparticles was further confirmed by subsequent spectroscopic and 

microscopic characterization techniques, as described in the following sections. The synthesis 

mechanism has been illustrated in Figure 1, depicting the stepwise transformation from cerium 

precursor to CeO/CeO₂ nanoparticles. 

 
Figure 1. The figure outlines the green synthesis of CeO2 and CeO nanoparticles from cerium nitrate 

hexahydrate (Ce(NO₃)₃·6H₂O) using W. somnifera leaf extract and NaOH. The possible mechanism involves: 

(1) dissociation of Ce(NO₃)₃·6H₂O into Ce³⁺ and NO₃⁻; (2) dissociation of NaOH into Na⁺ and OH⁻; (3) 

oxidation of Ce³⁺ by O₂ and phytochemicals to form Ce⁴⁺; (4) reaction of Ce⁴⁺ with OH⁻ to form Ce(OH)₄; (5) 

dehydration of Ce(OH)₄ to form CeO₂ nanoparticles; (6) reduction of Ce³⁺ by phytochemicals to form Ce²⁺; (7) 

reaction of Ce²⁺ with OH⁻ to form Ce(OH)₂; (8) decomposition of Ce(OH)₂ to form CeO nanoparticles. 

3.2. UV-Vis spectrum analysis and band gap analysis. 

The UV-Vis absorption spectrum of WS-Ceria-NPs exhibited two distinct peaks at 256 

nm and 363 nm, confirming the presence of both Ce³⁺ and Ce⁴⁺ oxidation states (Figure 2a). 

The absorption peak at 279 nm corresponds to cerium(III) (Ce³⁺), while the peak at 371 nm is 

associated with cerium(IV) (Ce⁴⁺) [44]. This dual absorbance pattern aligns with previous 

reports indicating that cerium species exhibit characteristic spectrophotometric peaks in the 

230–260 nm range for Ce³⁺ and 300–400 nm range for Ce⁴⁺ [45]. 

For comparison, Chinnaiah K et al. reported that the UV–Vis spectrum of W. somnifera 

leaf extract exhibits two absorption maxima at 348 nm and 377 nm. These peaks are attributed 

to n-* and -* transitions of tyrosine, tryptophan, and phenylalanine residues present in 

proteins within the extract [46]. In the present study, the absorption peaks of WS-Ceria-NPs at 

256 nm and 363 nm differ from those of the plant extract, confirming the successful formation 

of cerium nanoparticles and highlighting the role of phytochemicals in reducing and capping 

the nanoparticles. 

The energy band gap (Eg) of WS-Ceria-NPs, estimated using Tauc’s plot, revealed two 

distinct band gap values: 3.8 eV and 2.1 eV. The higher band gap (3.8 eV) corresponds to the 

intrinsic electronic structure of bulk CeO₂, reflecting its insulating nature (Figure 2b). 

Conversely, the lower band gap (2.1 eV) suggests the presence of oxygen vacancies, surface 
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defects, and Ce³⁺ states, which introduce mid-gap energy levels, facilitating sub-bandgap 

electronic transitions [47]. The reduced band gap is characteristic of defect-rich Ceria-NPs, 

which exhibit enhanced redox cycling (Ce³⁺/Ce⁴⁺), ROS scavenging ability, and enzyme-

mimetic catalytic properties. 

A previous study reported that mesoporous ceria (MC) exhibits a band gap of 2.8–3.2 

eV, making it effective for photocatalytic applications, including contaminant degradation, air 

purification, water splitting, and gas storage. The smaller crystal size of MC enhances light 

scattering in a hydrated medium, reducing visible light penetration and improving 

photocatalytic efficiency [48]. Compared to MC, the lower band gap of WS-Ceria-NPs (2.1 

eV) suggests a higher density of oxygen vacancies, which may further enhance photoactivity, 

oxidative stress modulation, and catalytic efficiency in biomedical and environmental 

applications. 

The coexistence of Ce³⁺ and Ce⁴⁺ oxidation states underscores the redox-active nature 

of WS-Ceria-NPs, making them highly functional in antioxidant, antibacterial, and anti-

inflammatory applications. The ability of CeO₂ to shuttle between oxidation states is critical 

for its biomedical and environmental potential, particularly in oxidative stress modulation and 

catalytic degradation reactions. The dual-band-gap nature of WS-Ceria-NPs highlights their 

unique electronic properties, confirming their successful synthesis and stability and suggesting 

promising applications in nanomedicine and catalysis. 

 
Figure 2. UV-Vis absorption spectrum and Tauc plot of WS-Ceria-NPs. (a) UV-Vis spectrum showing 

absorption peaks at 256 nm and 363 nm, corresponding to Ce³⁺ and Ce⁴⁺ oxidation states, confirming the redox-

active nature of the nanoparticles; (b) Tauc plot used for band gap estimation, indicating two distinct band gaps 

of 3.8 eV and 2.1 eV, associated with bulk CeO₂ and defect-induced electronic transitions, respectively. 

3.3. FTIR analysis. 

The FTIR spectra of green-synthesized Ceria-NPs were recorded in the range of 4000–

600 cm⁻¹ to identify the functional groups and confirm nanoparticle formation (Figure 3c). The 

spectral data are shown in Figure 3. A broad peak at 3946 cm⁻¹ is attributed to the stretching 

vibration of hydroxyl (-OH) groups, which may arise from adsorbed water or hydroxyl 

functional groups on the nanoparticle surface. A second intense peak at 3777 cm⁻¹ further 

confirms the presence of O-H groups, likely contributed by the phytochemicals in the plant 

extract used for synthesis. These peaks fall within the typical range for hydroxyl (-OH) 

stretching vibrations as reported by Fengwei et al. [49]. The peak at 2881 cm⁻¹ corresponds to 

C-H stretching vibrations, indicating the presence of residual surfactant or organic compounds 

from the plant extract. The absorption band at 1374 cm⁻¹ is attributed to the bending vibrations 
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of carbonyl (C=O) groups, likely from carboxylates or ketones in the phytochemicals. In the 

fingerprint region, several peaks were observed. The peaks at 985 cm⁻¹ and 1120 cm⁻¹ are 

associated with C-O stretching vibrations, while the peak at 698 cm⁻¹ corresponds to C-H 

bending. The peak at 637 cm⁻¹ corresponds to O-Ce-O stretching, confirming the successful 

synthesis of Ceria-NPs. This fingerprint peak nearly aligns with the study by Tumkur et al., 

and Subathra et al. [50,51]. The observed functional groups, apart from Ce-O and O-Ce-O, 

arise from the phytochemicals present in the plant extract, which act as capping and stabilizing 

agents during the synthesis. These include hydroxyl, carbonyl, and carboxyl groups that 

enhance nanoparticle stability and prevent aggregation. The FTIR analysis thus confirms the 

formation of Ceria-NPs and highlights the role of plant-derived phytochemicals in 

functionalizing the nanoparticles. 

 
Figure 3. EDX, XRD, and FTIR analysis of WS-Ceria-NPs. (a) EDX spectrum confirming the elemental 

composition of cerium (Ce) and oxygen (O) as primary components, with minor traces of other elements from 

the plant extract; (b) XRD pattern showing characteristic diffraction peaks corresponding to the cubic fluorite 

structure of CeO₂, confirming crystallinity and nanoscale dimensions; (c) FTIR spectrum identifying functional 

groups involved in nanoparticle stabilization, with peaks corresponding to O-H, C-H, C=O, and Ce-O 

vibrations, highlighting the role of phytochemicals in nanoparticle synthesis and surface modification. 

3.4. SEM analysis. 

The WS-Ceria-NPs were subjected to SEM analysis (Figure 4a-d). SEM analysis 

provided detailed insights into the morphology and size of the nanoparticles. The nanoparticles 

appeared segregated and exhibited a highly porous and irregular surface, a characteristic also 

reported in the study by Nor Monica and Aishah [52]. At lower magnifications, the overall 

distribution and aggregation pattern of the nanoparticles are visible, while higher 

magnifications reveal finer surface details and the nanoscale texture of the particles. The porous 

structure, which increases the surface area, is advantageous for applications such as catalysis 

and drug delivery, enhancing the reactivity and functionality of the nanoparticles [53]. These 

structural features underscore the effectiveness of the green synthesis method in producing 

nanoparticles with desirable characteristics. Further morphological and structural details were 

examined through TEM analysis. 
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Figure 4. SEM images of WS-Ceria-NPs captured at progressive magnifications: (a) 10 µm scale reveals the 

overall morphology and spatial distribution; (b) 5 µm scale provides a closer view of particle clustering and 

surface texture; (c) 1 µm scale displays finer details of individual nanoparticles; (d) 500 nm scale highlights 

high-resolution nanoscale features and porosity. 

3.5. EDX analysis. 

The Energy Dispersive X-ray Spectroscopy (EDS) analysis confirmed the elemental 

composition of WS-Ceria-NPs, with cerium (Ce) and oxygen (O) as the primary components, 

validating the successful synthesis of ceria nanoparticles. The mass percentage of cerium was 

49.77%, while oxygen accounted for 26.84%, aligning with the expected stoichiometry of 

CeO₂. Trace amounts of carbon, potassium, sodium, sulfur, chlorine, and aluminum were also 

detected, likely originating from the W. somnifera extract and synthesis process. Notably, the 

findings are consistent with those of Jannatul Mim et al., who reported the highest peaks for 

cerium at 4.8 keV and oxygen at 0.45 keV, perfectly aligning with the current study [54]. These 

elements, identified through K-shell (C, O, Na, S, Cl, K) and L-shell (Ce) X-ray transitions, 

are present in smaller quantities, with carbon contributing 13.52% to the overall mass, 

potentially due to residual organic compounds. Mamatha et al. also demonstrated the same X-

ray transitions for cerium and oxygen in their study, further corroborating these findings [55]. 

The atom percentage of cerium (10.30%) supports the presence of Ce³⁺ and Ce⁴⁺ states, 

characteristic of cerium oxide. A detailed representation of the elemental composition is shown 

in Figure 3a, which illustrates the mass and atom percentages of each element analyzed. The 

porous, segregated nature of the nanoparticles, combined with their elemental composition, 

underscores the efficiency of the green synthesis method. 

3.6. XRD analysis. 

The X-ray Diffraction (XRD) analysis of the synthesized Ceria-NPs revealed a cubic 

fluorite structure, with prominent peaks at 2θ values of 28.44°, 33.01°, 47.40°, and 56.26°, 
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corresponding to the (111), (200), (220), and (311) planes of CeO₂, respectively, in accordance 

with standard JCPDS card numbers 00-067-0123 and 01-075-7752. Additional peaks at 58.98° 

(222), 69.35° (400), and 88.34° (422) further supported the crystalline structure (Figure 3b). 

These (hkl) values and their corresponding peaks perfectly align with the findings of 

Vettumperumal et al., reinforcing the reliability of the obtained data and confirming the 

characteristic cubic fluorite structure of Ceria-NPs [56]. Minor unidentified peaks, such as at 

40.43° and 41.09°, suggest possible impurities or secondary phases. The average crystallite 

size of 43.7 nm (range: 32.8–60.1 nm) aligns closely with the 41 nm reported by Fatemeh 

Ghanbary and Ehsan Jafarnejad, validating the synthesis method [57]. The intensity 

distribution showed preferential growth along the (111) and (200) planes, indicative of the 

thermodynamic stability of the CeO₂ structure. These findings demonstrate the successful 

synthesis of high-quality CeO₂ nanoparticles, suitable for catalysis, biomedical applications, 

and environmental remediation, owing to their crystalline stability, nanocrystalline size, and 

enhanced surface area. 

3.7. Zeta potential analysis. 

The zeta potential of the WS-Ceria-NPs was recorded as -40.9 mV, indicating strong 

surface charge and excellent colloidal stability (Figure 5). A zeta potential value above ±30 

mV is generally considered sufficient to ensure electrostatic repulsion between particles, 

preventing aggregation and promoting long-term dispersion stability [58]. A comparable study 

by Xiaohui Ju et al. reported a zeta potential of -48 mV for poly(acrylic acid)-coated Ceria-

NPs [59], attributing the enhanced stability to the surface functionalization. Although our 

nanoparticles lack such polymeric coatings, their high negative zeta potential reflects similar 

stability characteristics, likely due to negatively charged functional groups introduced during 

synthesis. This stability makes the WS-Ceria-NPs well-suited for diverse applications, 

including biomedical and environmental fields, where dispersion stability is critical. 

 
Figure 5. Zeta potential analysis of WS-Ceria-NPs showing a surface charge of –40.9 mV, indicative of strong 

electrostatic repulsion and excellent colloidal stability. This high negative potential reflects effective surface 

functionalization, which minimizes aggregation and enhances dispersion, making the nanoparticles suitable for 

biomedical applications. 

3.8. TEM analysis. 

The HRTEM analysis of the synthesized Ceria-NPs revealed a size distribution ranging 

from 9 to 26 nm, with the particles exhibiting a nearly oval shape (Figure 6a-b,g). Notably, 
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FFT analysis of the HRTEM images yielded a d-spacing of 0.32 nm, confirming the presence 

of a well-ordered crystalline lattice (Figure c-e). The Selected Area Electron Diffraction 

(SAED) pattern confirmed the crystalline nature of the nanoparticles, as evidenced by the 

distinct ring formation corresponding to various crystal planes (Figure 6f). Further analysis of 

the SAED pattern was performed using ImageJ software, where the radii of the diffraction rings 

were measured, and the corresponding d-spacing values were calculated. These values were 

compared with standard JCPDS data to identify the (hkl) planes. The observed (hkl) values, 

including (111), (200), (220), and (311), were consistent with the XRD results, confirming the 

cubic fluorite structure of the Ceria-NPs. Notably, a study by Eka Putri et al. reported a broader 

size range of 5–40 nm for Ceria-NPs based on TEM analysis, aligning with our findings [60]. 

Moreover, Aguiar De Oliveira et al. demonstrated that the (hkl) values obtained from XRD 

and SAED analyses matched, reinforcing the requirement that SAED results should correlate 

with XRD findings [61]. Similarly, our study also confirmed that the (hkl) values derived from 

SAED were in agreement with those obtained from XRD, further validating the structural 

integrity of the synthesized Ceria-NPs. This consistency highlights the reliability of SAED 

analysis in confirming crystallinity and phase identification. The crystalline morphology and 

nanoscale dimensions of the Ceria-NPs make them promising candidates for applications 

requiring high stability, such as catalysis and biomedical fields. 

 
Figure 6. TEM analysis of WS-Ceria-NPs. (a–c) Transmission electron microscopy (TEM) images showing the 

nearly oval-shaped morphology of WS-Ceria-NPs with a size range of 9–26 nm; (d–e) Fast Fourier Transform 

(FFT) and inverse FFT analysis indicating a d-spacing of 0.32 nm, confirming the crystalline nature of the 

nanoparticles, with a yellow line drawn perpendicular to the plane highlighting lattice spacing; (f) Selected Area 

Electron Diffraction (SAED) pattern displaying distinct diffraction rings, validating the nanocrystalline 

structure; (g) Interplanar spacing analysis further supports the structural integrity of WS-Ceria-NPs. 

3.9. Biocompatibility of ceria nanoparticles. 

The biocompatibility of WS-Ceria-NPs was examined through antibacterial, 

antioxidant, anti-inflammatory, and nitric oxide inhibition assays, as detailed in the following 

subsections. 
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3.9.1. Antibacterial activity. 

The antibacterial activity of ceria nanoparticles was assessed using the disc diffusion 

method on nutrient agar media against Escherichia coli. A single concentration of 100 µg of 

WS-Ceria-NPs was tested, with Ciprofloxacin as the standard antibiotic for comparison. After 

incubation, a clear zone of inhibition of approximately 18 mm was observed, demonstrating 

significant antibacterial potential (Figure 7). Dar et al. reported that as nanoparticle size 

decreases, antibacterial activity increases, which aligns with our findings [62,63]. The 

antibacterial mechanism of Ceria-NPs is primarily attributed to the generation of reactive 

oxygen species (ROS), which induce oxidative stress and cause structural damage to bacterial 

cells. Studies suggest that Ceria-NPs interact with lipids and proteins within the microbial 

membrane, disrupting its integrity and impairing essential cellular functions [64]. Additionally, 

the release of cerium ions from nanoparticle dissolution further inhibits microbial growth by 

interfering with nucleic acids, proteins, and polysaccharides, ultimately leading to bacterial 

death [65]. 

 
Figure 7. Antibacterial activity of WS-Ceria-NPs, exhibiting a clear zone of inhibition against Escherichia coli 

in a disc diffusion assay. The efficacy of the nanoparticles is compared to the standard antibiotic ciprofloxacin, 

underscoring their potential as effective antibacterial agents. 

3.9.2. Minimum inhibitory concentration (MIC) determination. 

The antibacterial activity of WS-Ceria-NPs was evaluated using the broth microdilution 

method to determine the MIC. Visual inspection of turbidity after 24 h of incubation at 37 °C 

showed that WS-Ceria-NPs at concentrations of 500, 250, 125, and 62.5 µg mL⁻¹ completely 

inhibited bacterial growth, as no turbidity was observed, while the tube containing 

31.25 µg mL⁻¹ exhibited visible turbidity, indicating bacterial proliferation. These results, 

summarized in Table 1, establish the MIC of WS-Ceria-NPs against the tested bacterial strain 

as 62.5 µg mL⁻¹. The findings demonstrate a clear dose-dependent antibacterial effect of WS-

Ceria-NPs. Complete inhibition of bacterial growth at concentrations ≥62.5 µg mL⁻¹ suggests 

that the nanoparticles effectively interfere with bacterial viability, likely through mechanisms 

such as disruption of cell membranes and generation of reactive oxygen species [43]. 

Compared with the study by Pop et al., who reported an MIC of 2150 µg mL⁻¹ for E. coli, the 

present results indicate that WS-Ceria-NPs exhibit strong antibacterial activity at lower 

concentrations, highlighting their potent efficacy [66]. The growth observed at 31.25 µg mL⁻¹ 
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indicates that this concentration is below the threshold required to inhibit bacterial proliferation 

fully. 

Table 1. MIC turbidity for different concentrations of WS-Ceria-NPs after 24h. Positive (+) turbidity indicates 

growth, and negative (-) no turbidity indicates the absence of growth. 

Dilution of WS-Ceria-NPs 500 µg mL⁻¹ 250 µg mL⁻¹ 125 µg mL⁻¹ 62.5 µg mL⁻¹ 31.25 µg mL⁻¹ 

Set 1 − − − − + 

Set 2 − − − − + 

Set 3 − − − − + 

3.9.3. Antioxidant activity. 

The antioxidant activity of WS-Ceria-NPs was evaluated using the DPPH free radical 

scavenging assay, where the reduction in the violet DPPH radical was measured via UV-VIS 

spectroscopy. The scavenging activity increased with higher concentrations of WS-Ceria-NPs, 

with inhibition values of 42.86% and 19.24% at the high (250 µg mL-1) and low (50 µg mL-1) 

concentrations, respectively, compared to 32.95% and 13.68% for ascorbic acid (Figure 8). 

This dose-dependent increase in antioxidant activity indicates that WS-Ceria-NPs possess 

strong radical scavenging potential, likely due to their high surface area and reactivity, which 

are crucial for interacting with free radicals [67].  

 
Figure 8. DPPH assay illustrating dose-dependent free radical scavenging activity, indicative of the WS-Ceria-

NPs antioxidant potential. Bars represent mean  SD (nsp  0.05, *p < 0.05, when compared with ascorbic acid). 

 
Figure 9. This figure illustrates the interaction between superoxide radicals (O2

-) and cerium oxide 

nanoparticles (CeO/CeO2 NPs). The superoxide radical, a highly reactive species, can accept an electron (e-) to 

form a less reactive and more stable peroxide ion (O2
2-). The cerium oxide nanoparticles play a crucial role in 

this electron transfer process, facilitating the conversion of the reactive superoxide radical into a more stable 

form. The diagram also highlights the presence of lone pairs of electrons and the fundamental particles (proton, 

electron, neutron) involved in these chemical interactions. 
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The higher activity observed at 250 µg mL-1 suggests that the WS-Ceria-NPs have a 

superior ability to neutralize DPPH radicals when compared to ascorbic acid, a standard 

antioxidant. The results support the potential of WS-Ceria-NPs as an effective antioxidant, 

which could be beneficial in biomedical applications, particularly in mitigating oxidative stress 

and related diseases. The possible mechanism is shown in Figure 9. 

3.9.4. Anti-inflammatory activity. 

The anti-inflammatory activity of WS-Ceria-NPs was assessed using the protein 

denaturation method, and the results demonstrated a concentration-dependent inhibition of 

protein denaturation. The WS-Ceria-NPs exhibited superior anti-inflammatory activity 

compared to the standard dexamethasone, with inhibition values of 55.56%, 51.74%, 42.01%, 

29.86%, and 27.96% at concentrations of 50, 100, 150, 200, and 250 µg mL-1, respectively, 

whereas the standard exhibited inhibition of 38.89%, 29.86%, 25%, 16.32%, and 11.11% at 

the same concentrations (Figure 10). These results indicate that WS-Ceria-NPs effectively 

prevent protein denaturation, a key process in inflammation.   

The strong anti-inflammatory activity of WS-Ceria-NPs can be attributed to their 

unique nanozyme properties. As reported by Corsi et al., ceria nanoparticles act as biomimetic 

nanozymes with superoxide dismutase (SOD)- and catalase-like activities, enabling them to 

scavenge reactive oxygen species (ROS) through a self-regenerating Ce³⁺/Ce⁴⁺ redox cycle 

[68]. Since oxidative stress plays a pivotal role in inflammation, the ability of WS-Ceria-NPs 

to mitigate ROS levels could be a primary mechanism for their observed anti-inflammatory 

effects. Furthermore, ceria nanoparticles have been shown to modulate inflammatory pathways 

beyond ROS scavenging, including phosphatase activity, which could contribute to the 

inhibition of protein denaturation observed in this study.   

Overall, the significant anti-inflammatory potential of WS-Ceria-NPs highlights their 

potential as a promising therapeutic agent for inflammatory conditions. Future studies focusing 

on molecular mechanisms and in vivo models would provide further insights into their clinical 

applicability. 

 
Figure 10. Protein denaturation inhibition assay demonstrating a concentration-dependent reduction in protein 

denaturation, reflective of significant anti-inflammatory effects by WS-Ceria-NPs. Bars represent mean  SD 

(****p < 0.0001 when compared with dexamethasone). 

3.9.5. NOX assay. 

The nitric oxide (NO) assay demonstrated the potential of WS-Ceria-NPs in modulating 

NO production in colon cancer pancreatic cells. The LPS-treated group showed a significant 
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increase in NO levels (0.26), indicating an inflammatory response. However, treatment with 

WS-Ceria-NPs resulted in a concentration-dependent reduction in NO levels, with values of 

0.20, 0.22, and 0.24 for 20 µL, 40 µL, and 60 µL of WS-Ceria-NPs, respectively, compared to 

0.21 observed with the standard (Figure 11). This reduction suggests that WS-Ceria-NPs 

exhibit anti-inflammatory properties by mitigating LPS-induced NO production [69]. The 

ability of Ceria-NPs to regulate oxidative stress is primarily attributed to their redox cycling 

between Ce³⁺ and Ce⁴⁺, which enables reactive oxygen and nitrogen species (RONS) 

scavenging [70]. This supports the potential therapeutic application of WS-Ceria-NPs for 

managing inflammation-related disorders [20]. 

 
Figure 11. NOX assay showing the ability of WS-Ceria-NPs to modulate nitric oxide production in LPS-treated 

cells, further supporting their anti-inflammatory properties. Bars represent mean  SD (****p < 0.0001 when 

compared with control). 

4. Conclusions 

This study demonstrates that W. somnifera leaf extract can be effectively utilized for 

the green synthesis of cerium oxide nanoparticles (WS-Ceria-NPs), providing an eco-friendly 

and sustainable alternative to conventional chemical methods. The innovation of this work lies 

in linking the plant’s rich phytochemical composition to the formation of stable nanoparticles 

with unique dual band gap energies, enhancing their redox cycling between Ce³⁺ and Ce⁴⁺ 

states. This property underpins the observed multifunctional bioactivities, including potent 

antibacterial effects, strong free radical scavenging, and significant anti-inflammatory 

potential. Importantly, the NOX assay demonstrated that WS-Ceria-NPs regulate nitric oxide 

levels in LPS-treated cancer cells, highlighting their relevance to oxidative stress and 

inflammation-associated pathologies. 

These findings underscore the importance of integrating medicinal plants into 

nanomaterial design to achieve multifunctional, biocompatible nanomaterials for biomedical 

use. Beyond their therapeutic promise, this approach offers a sustainable pathway to safer, 

scalable nanotechnology. Future work should focus on in vivo validation and mechanistic 

studies to translate WS-Ceria-NPs into clinically viable antimicrobial, antioxidant, and anti-

inflammatory agents. 
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The following abbreviations are used in this manuscript: 

Abbreviation Definition 

WS-Ceria-NPs Withania somnifera-derived Cerium Oxide Nanoparticles 

ROS Reactive Oxygen Species 

RONS Reactive Oxygen and Nitrogen Species 

SOD Superoxide Dismutase 

DPPH 2,2-diphenyl-1-picrylhydrazyl 

LPS Lipopolysaccharide 
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Abbreviation Definition 

SAED Selected Area Electron Diffraction 

FFT Fast Fourier Transform 

HRTEM High-Resolution Transmission Electron Microscopy 

PBS Phosphate-buffered Saline 

BSA Bovine Serum Albumin 

NOX Nitric Oxide Assay 

XRD X-ray Diffraction 

SEM Scanning Electron Microscopy 

EDS/EDX Energy Dispersive X-ray Spectroscopy 

FTIR Fourier Transform Infrared Spectroscopy 

UV-Vis Ultraviolet-visible Spectroscopy 

SD Standard Deviation 

ANOVA Analysis of Variance 
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