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Transition metals have been widely explored as potential optical dopants, offering a 

promising route for achieving innovative materials. In recent years, metal oxides 

synthesized using Clerodendrum infortunatum leaf extract have emerged as novel 

anticancer agents. This study reports the sustainable synthesis of Ag-doped Co3O4 

nanoparticles using Clerodendrum infortunatum aqueous extract as a bio-reductant. 

The resulting pure Co3O4 and Ag-doped Co3O4 nanoparticles were characterized 

using XRD, EDS, XPS, UV-Vis, and PL spectroscopy. The PL spectra revealed that 

Ag-doped Co3O4 nanoparticles exhibited more intense defect emissions compared to 

the pristine samples. Furthermore, MTT assays using AGS (Human Gastric 

Adenocarcinoma) cells demonstrated the enhanced anticancer activity of the doped 

nanoparticles over their bare counterparts. These findings suggest that Ag-doped 

Co3O4 nanoparticles hold promise as a viable alternative for anticancer materials, particularly in biomedical applications. 

 

  
INTRODUCTION 

The use of plant extracts has gained significant 

attention as a sustainable approach for nanoparticle 

synthesis. Plant extracts are readily available, 

considered safe to handle, and offer a diverse range 

of metabolites.1 As a renewable and abundant 

resource, plants provide low-cost, non-toxic, and 

biocompatible phytomaterials with varied chemical 

properties.2 As a result, there is a growing emphasis 

on utilizing plant extracts to develop eco-friendly 

methods for producing pure, biocompatible, and 

non-toxic nanoparticles.3,4 In recent years, the 

biosynthesis of nanoparticles using biological 

matrices has emerged as a viable alternative to 

chemical and physical preparation methods. This 

approach is easy to implement, safe, cost-effective, 

and environmentally acceptable.5–7 Cobalt oxide 

nanoparticles have garnered significant interest 

among researchers due to their unique 
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physicochemical properties, which distinguish them 

from their bulk counterparts. Cobalt oxide 

nanoparticles have been widely utilized in various 

industries, including biomedical,8 photocatalysis,8 

gas sensing,9 and solar cells.10 Research has shown 

that doping Co3O4 with transition metals like Ag, 

Ce, Ni, F, and Cd can enhance its properties.11–17 

Among these dopants, Ag has garnered significant 

attention due to its high energy and potential 

biomedical applications.11 For instance, Alema et 

al.18 synthesized Ag-doped Co3O4 nanoparticles 

using co-precipitation for high-performance 

supercapacitors. Ag-doped Co3O4 nanostructures 

have been found to exhibit promising applications 

in photocatalysis, [19], non-enzymatic glucose 

sensing,20 supercapacitors,18 gas sensing,21 and 

other areas. Various methods have been employed 

to prepare metal-doped Co3O4 nanoparticles.16–21  

However, biosynthesis has emerged as a viable, 

eco-friendly, and cost-effective alternative to 

traditional chemical and physical processes. Plant-

mediated synthesis, also known as green chemistry, 

offers a promising approach to integrating 

nanotechnology and plant-based methods.22 The 

eco-friendly method of green synthesis offers a 

promising approach for creating nanostructures, 

with potential applications in biomedicine, 

agriculture, and environmental remediation.23  

This method leverages the secondary metabolites 

present in various plant parts (such as peels, leaves, 

flowers, roots, seeds, and stems) to synthesize 

nanostructures.24 Specifically, the secondary 

metabolites in leaf extracts serve as reducing and 

stabilizing agents, facilitating the transformation of 

metal ions into metal oxide nanoparticles. Vindhya et 

al.25 reported that the plant extract contains various 

phytochemicals such as polyphenols, flavonoids, and 

secondary metabolites, which act as potential 

candidates for reducing, stabilizing, and capping 

agents toward the formation of nanoparticles and for 

biological applications.  

They also noted that careful control and 

documentation of capping agents and appropriate 

functional groups on the nanoparticle surface enable 

regulation of particle size, shape, agglomeration, 

surface energy, grain development, dispersion, and 

electrostatic forces. Previous study by Kumar et al.26 

demonstrated the phyto-mediated synthesis of zinc 

oxide nanoparticles using Clerodendrum 

infortunatum L. leaf extract, which exhibited 

enhanced antibacterial properties. To our knowledge, 

this study presents the first report on the use of 

Clerodendrum infortunatum L. leaf extract for 

doping elements into Co3O4 nanoparticles. Here, we 

report the green synthesis of undoped Co3O4 and  

Ag-doped Co3O4 nanoparticles using Clerodendrum 

infortunatum leaf extract, characterized by XRD, 

TEM, EDS, XPS, UV–visible, and PL spectroscopy. 

The anticancer potential of these nanoparticles was 

evaluated using MTT assays. 

MATERIALS AND METHODS 

Materials 

The chemical reagents employed in this study 

were cobalt nitrate and silver nitrate (AgNO3), both 

of which were procured from SRL Chemicals with a 

guaranteed purity of 99%. All reagents used were of 

analytical grade and were utilized without additional 

purification. Double-distilled (DD) water was used 

as the solvent for preparing all aqueous solutions. 

Preparation of leaf Extract 

Clerodendrum infortunatum leaves were 

collected, cleaned with tap water, and then repeatedly 

rinsed with DD water to remove impurities. The 

leaves were then dried and subsequently boiled in 

150 mL of DD water at 80°C, using 30 g of leaves. 

This process yielded a yellow-colored extract. After 

reaching room temperature, the extracted mixture 

was filtered using Whatman filter paper and stored in 

the refrigerator for future use. 

Synthesis of pure cobalt oxide nanoparticles 

A solution was prepared by dissolving 5 g of 

cobalt nitrate in 50 ml of double-distilled water. 

Then, 10 ml of Clerodendrum infortunatum leaf 

extract were added to the solution under continuous 

stirring. The pH of the mixture was adjusted to 7 by 

adding sodium hydroxide. The solution was then 

stirred magnetically for 2 hours, resulting in the 

formation of a precipitate. The solution was left 

undisturbed for 24 hours to allow the precipitate to 

settle. The precipitate was subsequently filtered, 

washed with double-distilled water and ethanol, and 

dried. Finally, the obtained powder was calcined at 
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500 °C for 2 h in a muffle furnace to prepare it for 

subsequent characterization. 

Synthesis of silver doped cobalt oxide 

nanoparticles 

Aqueous solutions of cobalt nitrate (5g) and 

silver nitrate (0.5 g) were prepared using 50 ml of 

double-distilled water. The solutions were then 

combined and stirred continuously as 10ml of leaf 

extract were added. The pH of the mixture was 

adjusted to 7 using sodium hydroxide. After two 

hours of magnetic stirring, the solution was left to 

settle for 24 hours, resulting in the formation of a 

precipitate. The precipitate was subsequently 

filtered, washed with double-distilled water and 

ethanol, dried. Finally, the obtained powder was 

calcined at 500 °C for 2 h in a muffle furnace to 

prepare it for subsequent characterization. 

Characterization techniques 

The crystal structure, phase composition, and 

average crystallite size of the synthesized samples were 

characterized using X-ray diffraction (XRD) on a 

PANalytical X'Pert Pro diffractometer, equipped with 

Cu-Kα radiation (λ = 1.5406 Å) and operated at 40 kV 

and 30 mA. Transmission electron microscopy (TEM) 

was performed on a JEOL JEM-2100F microscope, 

operating at 200 kV, to obtain nanoparticle 

micrographs. Energy Dispersive X-ray Spectroscopy 

(EDS) was carried out on Bruker Nano GmbH Berlin, 

Germany (Esprit 1.9). X-ray photoelectron 

spectroscopy (XPS) analysis was carried out on a PHI 

5000 Versa Probe 111 spectrometer, equipped with a 

high-performance Ar+ ion gun and C60 ion guns, to 

investigate the Co 2p, O 1s, and Ag 3d peaks. The 

optical properties of the samples were evaluated by UV-

Vis spectroscopy using a Perkin Elmer LAMBDA-35 

spectrophotometer at room temperature. 

Photoluminescence (PL) spectra were recorded on a 

Cary Eclipse Photoluminescence Spectrophotometer at 

room temperature. 

Anticancer activity 

The human stomach adenocarcinoma cell line 

AGS was procured from the National Centre for 

Cell Science (NCCS) in Pune, India. The cells were 

sub-cultured in DMEM/F12 medium supplemented 

with 10% fetal bovine serum (FBS) and 1% 

antibiotic-antimycotic solution in a humidified 

atmosphere of 5% CO2, 18-20% O2, and 37 °C 

temperature. The cells were passaged 37 times 

before use. For the experiment, 200 μl of cell 

suspension was seeded at a density of 10,000 cells 

per well in a 96-well plate and allowed to grow for 

24 hours. Test chemicals were then added at 

specified concentrations, and the plate was 

incubated for an additional 24 hours at 37°C with 

5% CO2. After incubation, the media was discarded, 

and MTT reagent was added to a final concentration 

of 0.5 mg/ml. The plate was then incubated for  

3 hours in the dark. Following MTT removal, 100 μl 

of DMSO solubilization solution was added, and the 

plate was gently shaken to dissolve the formazan 

crystals. Absorbance was measured at 570 nm using 

a spectrophotometer or ELISA reader. The 

following formula was used to get the proportion of 

viable cells. 

Cell Viability (%) =  
OD sample mean

OD control mean
× 100 % 

RESULTS AND DISCUSSION 

XRD analysis 

The XRD patterns of as-synthesized Co3O4 and 

Ag doped Co3O4 nanoparticles are shown in Fig. 1. 

The peaks at 2θ = 31.53, 37.22, 45.03, 56.28, 59.58 

and 65.55o correspond to the planes (220), (311), 

(400), (422), (511) and (440), respectively, 

confirming a FCC cubic crystal system (JCPDS file 

no: 42-1467).27,28 The average crystallite size was 

calculated using Debye Scherrer formula (eq. 1):  

𝐷 =  
0.9𝜆

𝛽 cos 𝜃
    (1) 

The variables 'D', 'θ', and 'β' represent the 

average crystalline size, diffraction angle, and full 

width at half maximum (FWHM) of the diffraction 

peak under investigation in radians, respectively, 

while the wavelength of Cu Kα radiation is λ = 

1.5405 Å. The calculated mean crystallite sizes for 

the pure Co3O4 and Ag doped Co3O4 nanoparticles 

are 24.3 and 19.6 nm respectively. The reduced 

crystallite size observed in the doped sample 

indicates that the incorporation of Ag ions hinders 

both the nucleation and growth processes of the 

Co3O4 structure.29 
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Fig. 1 – XRD spectra of pure Co3O4 and Ag doped Co3O4 nanoparticles. 

 

TEM analysis 

The morphology of the typically synthesized Ag 

doped Co3O4 nanoparticles was investigated by 

TEM and HRTEM, as shown in Fig. 2. Clearly, the 

as-obtained sample (Fig. 2a) consists of closely 

packed spherical shaped structures with the 

diameter of around twenty nanometers. Figure 2b 

shows the HRTEM image of the Ag doped Co3O4 

nanoparticles. The lattice fringe can be observed 

clearly, and the inter plane distances of adjacent 

lattice fringes is about 0.26 nm (2.6 Å), which is in 

good agreement with the d value of (311) plane of 

Co3O4 nanoparticles. Based on the above analysis, 

it confirms that spherical shaped structures and well 

crystalline nature of Ag doped Co3O4 nanoparticles 

could be synthesized by the Clerodendrum 

infortunatum L. leaf extract.  

 

 

Fig. 2 – Micrograph of: a) TEM; b) HRTEM of Ag doped Co3O4 nanoparticles. 

 

EDS spectral analysis 

Figure 3a presents the EDS spectrum of the pure 

Co₃O₄ sample. It exhibits distinct peaks for cobalt 

(Co) and oxygen (O), confirming the phase purity 

of the material. Quantitative analysis (inset table) 

reveals a composition of 52.81 wt % Co and 

47.19 wt % O, equivalent to 67.25 at % Co and 



 Green synthesis 63 

32.75 at % O. The EDS spectrum of the Ag‑doped 

Co₃O₄ (Fig. 3b) displays an additional peak 

corresponding to silver (Ag), indicating successful 

incorporation of Ag into the Co₃O₄ lattice. The 

measured elemental composition (inset) is 

44.83 wt % Co, 42.25 wt % O, and 12.92 wt % Ag, 

which translates to atomic percentages of 47.93 % 

Co, 49.84 % O, and 2.23 % Ag. 

 

 
Fig. 3 – EDS spectra of: a) pure Co3O4; b) Ag doped Co3O4 nanoparticles. 

 

XPS spectra 

XPS analysis was conducted to determine the 

chemical states and elemental composition of the 

as-synthesized materials. The survey spectra  

(Fig. 4) revealed the presence of Co, O and Ag as 

primary elements in the sample. The Co3O4 

spectrum displayed characteristic auger peaks and 

emission lines for Co and O, while the Ag doped 

Co3O4 survey spectrum further showed the emission 

line of Ag, confirming successful doping. The 

detected core levels included Co 2s, Co 2p, Co 3s, 

Co 3p, O 1s and Ag 3d, along with auger peaks Co 

LMM and O KLL. The appearance of C 1s is 

attributed to adventitious carbon, resulting from air 

exposure. Co3O4 is a mixed‑valence oxide 

containing Co2+ and Co3+. In XPS, the Co 2p region 

shows two main peaks (≈ 780 eV and ≈ 795 eV) and 

their satellite structures. Co²⁺ gives a strong 

shake‑up satellite about 5–6 eV higher than the 

main 2p3/2 peak. Co3+ has a very weak satellite and 

its photoelectrons often overlap with the Co2+ main 

peak, making the Co3+ component hard to resolve. 

Therefore, even though Co3+ is present in the 

material, the XPS spectrum may appear dominated 

by Co2+ features, and the Co3+ signal can be 

obscured or not clearly distinguishable.30 The Co 2p 

spectrum (Fig. 5a) exhibits characteristic Co 2p3/2 

and Co 2p1/2 spin-orbit peaks at 779.75 eV and 

794.76 eV, respectively, along with a satellite peak 

at 788.75 eV. These XPS profiles indicate the 

presence of Co in a high-spin divalent state.31  

 

 
Fig. 4 – X-ray photoemission survey spectra of pure Co3O4 and Ag doped Co3O4 nanoparticles. 
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The O 1s spectrum (Fig. 5) was deconvoluted 

into three peaks, revealing insights into the oxygen 

species present on the surface of Ag-doped Co3O4. 

The peak at 532.02 eV is attributed to oxygen 

vacancies, while the peak at 529.58 eV 

corresponds to lattice oxygen, confirming the 

presence of Co3O4. The peak at 530.57 eV is 

associated with oxygen vacancies that give rise to 

O- and O2– ions in the oxygen-deficient region.32 

Variations in peak intensity may be due to changes 

in the concentration and quantity of oxygen 

vacancies.33 The Ag 3d XPS spectrum (Fig. 5c) 

exhibits two distinct peaks at 368.18 eV (Ag 3d5/2) 

and 374.26 eV (Ag 3d3/2), corresponding to 

metallic silver (Ag0) and silver ions (Ag+), 

respectively. These findings are consistent with 

previous reports.34 The XPS data validate the 

successful fabrication of pure Co3O4 and Ag-doped 

Co3O4 nanoparticles, which was previously 

confirmed by EDS and XRD studies. 

 

 
Fig. 5 – XPS spectrum of: a) Co 2p; b) O 1s; c) Ag 3d. 

 

UV-vis spectroscopy 

The UV-vis absorption spectra (Fig. 6 (a)) of 

Co3O4 and Ag doped Co3O4 nanoparticles 

showed a noticeable red shift in the absorption 

peak upon doping, with centered at 290 nm for 

Co3O4 and 296 nm for Ag doped Co3O4 

nanoparticles.  
 

 
Fig. 6 – a) UV absorbance spectra of Co3O4 and Ag doped Co3O4 nanoparticles;  

b) Tauc plot of Co3O4 and Ag doped Co3O4 nanoparticles 
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This significant shift indicates a change in the 

optical absorption behavior due to doping. The band 

gap energies were calculated using the Tauc plot 

method based on eq. (2). 

αhν = A(hν-Eg)n   (2) 

where Eg is the band gap energy, n = ½ is assigned for 

direct band gap semiconductors, h stands for Planck's 

constant, A is a constant, and α is the absorption 

coefficient. In accordance with computations, the 

Co3O4 and Ag doped Co3O4 nanoparticles exhibited  

 

band gap energies of 2.54 and 2.68 eV, respectively as 

reflected in Fig. 6b.  

PL spectra 

The photoluminescence (PL) spectra of pure and 
Ag-doped Co3O4 nanoparticles, measured at room 
temperature, are depicted in Fig. 7. The near-band-
edge (NBE) emission, corresponding to the UV 
region (below 400 nm), and the deep-level (DL) 
emissions, corresponding to the visible region 
(above 400 nm), are both observed within the UV-
Vis luminescence bands. 

 

Fig. 7 – PL spectra of pure Co3O4 and Ag doped Co3O4 nanoparticles. 

 

The addition of Ag dopant resulted in a decrease 

in emission intensity compared to pure Co3O4 

nanoparticles, which may be attributed to defects 

such as single ionized oxygen vacancies.35 In 

contrast, the emission intensity of Ag-doped Co3O4 

nanoparticles increased due to enhanced electron-

hole recombination in the valence band. The 

photoluminescence spectra of both samples exhibit 

three emission peaks in the visible range and a broad 

UV emission band between 300-400 nm. The NBE 

emission, corresponding to free excitons in the 

conduction band, is responsible for the two peaks in 

the strong UV emission band, occurring at 

approximately 362.71 nm and 374.93 nm.36 The 

violet emission peak at 405.11 nm is attributed to 

interstitial cobalt. The radiative recombination 

between the deep acceptor (Vo) and shallow donor 

(Coi) levels is believed to be responsible for the 

measured violet emission at 439.35 nm.37 The blue 

emission peak at 489.13 nm, observed in both 

samples, is associated with defect-related emission 

or surface impurities, such as intrinsic defects, 

oxygen vacancies, surface states, and interstitial 

metal ions in the oxide38 

Anticancer activity 

The MTT assay was employed to evaluate the 

anticancer potential of green-synthesized pure 

Co3O4 and Ag-doped Co3O4 nanoparticles against 

AGS (Human Gastric Adenocarcinoma) cell lines. 

The nanoparticles were tested at varying 

concentrations (6.25–100 µg/ml) to assess their 

impact on cell viability. The results, presented in 

Fig. 8, demonstrate that the synthesized 

nanoparticles significantly reduce the viability of 

AGS cells. Notably, the highest concentration of 

100µg/ml exhibited the most pronounced inhibitory 

effect on AGS cells, outperforming the untreated 

control. 
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Fig. 8 – % cell viability values of AGS cells treated by different concentrations/ doses of pure Co3O4 and Ag doped 

Co3O4nanoparticles after the incubation period of 24hrs by MTT assay. 

 

The results revealed a concentration-dependent 

decrease in cell viability for both pure Co3O4 and 

Ag-doped Co3O4 nanoparticles. Specifically, the 

cell viability decreased from 90.10% to 11.66% as 

the concentration of pure Co3O4 increased from 

6.25 µg/ml to 100 µg/ml. In contrast, the cell 

viability decreased more significantly from 82.90% 

to 2.01% as the concentration of Ag-doped Co3O4 

nanoparticles increased from 6.25 µg/ml to 

100 µg/ml. These findings suggest that Ag-doped 

Co3O4 nanoparticles exhibit enhanced anticancer 

activity compared to pure Co3O4 nanoparticles, as 

evidenced by the more pronounced reduction in cell 

viability. 

The cytotoxicity of Co3O4 nanoparticles is often 

attributed to factors such as metal ion release, 

reactive oxygen species (ROS) production, and 

particle size.39 Previous studies have shown that 

Co3O4 nanoparticles can induce oxidative stress, 

genotoxic effects, cell death, DNA damage, and 

inflammatory responses.40 The present study found 

that Ag-doped Co3O4 nanoparticles triggered 

intracellular ROS production in a dose-dependent 

manner. Furthermore, the results demonstrated a 

concentration-dependent decrease in cell survival of 

AGS cell lines treated with Ag-doped Co3O4 

nanoparticles, highlighting their potential cytotoxic 

effects. 

The Ag-doped Co3O4 nanoparticles disrupt 

cancer cell function and cause cellular disturbance. 

Cobalt ions have been shown to be effective against 

cancer cells, as they can penetrate cells and generate 

ROS, leading to apoptosis.41 Silver ions also induce 

apoptosis in cancer cells by increasing the levels of 

free radicals.42 These findings suggest that Ag-

doped Co3O4 nanoparticles may exhibit enhanced 

anti-tumor cell activity. According to Akhtar et 

al.,43 the increased band gap of metal-oxide 

nanoparticles contributes to ROS mediated toxicity. 

The broad band gap of Ag-doped Co3O4 

nanoparticles plays a crucial role in ROS mediated 

cytotoxicity. Furthermore, our results indicate that 

Clerodendrum infortunatum leaf extract-mediated 

Ag-doped nanoparticles exhibit a stronger cytotoxic 

effect than their pure counterparts, with the doped 

silver ion enhancing the rate of induced 

cytotoxicity. 

Figure 9 presents the results of the MTT assay 

for human AGS cells treated with pure Co3O4 and 

Ag-doped Co3O4 nanoparticles. The figure 

illustrates the dose-dependent suppression of AGS 

cell growth by the nanoparticles, as evidenced by 

MTT labeling. The cell survival rates decreased 

progressively with increasing concentrations of 

6.25 μg/ml, 12.5 μg/ml, 25 g/ml, 50 μg/ml, and 

100 μg/ml. The image reveals significant cell death 

following treatment with the prepared samples.44  

When evaluating the potential of nanoparticles for 

biomedical applications, particularly in vivo, toxicity 

is a crucial consideration. Nanoparticles designed for 

imaging and drug delivery are often intentionally 

coated with bioconjugates such as proteins, DNA, 
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and monoclonal antibodies to target specific cells. 

Given that these nanoparticles are engineered to 

interact with cells, it is essential to ensure that these 

modifications do not introduce unintended adverse 

effects. A critical concern is the physiological 

responses elicited by degraded nanoparticles and 

whether bare or coated nanoparticles will biodegrade 

in the cellular environment.45 The MTT results 

suggest that Ag-doped Co3O4 nanoparticles are more 

likely to induce cell death compared to pure Co3O4. 

Consequently, the synthesis of Ag-doped Co3O4 

nanoparticles, facilitated by Clerodendrum 

infortunatum leaf extract, indicates that these 

nanoparticles may possess chemotherapeutic 

properties, which could be explored for the 

development of novel pharmaceuticals. 

 

 
Fig. 9 – Cell numbers and viability evaluated using MTT staining after 24 h seeding. 

(6.25μg/mL, 12.5μg/mL, 25μg/mL, 50μg/mL and 100μg/mL). 

 

CONCLUSION 

In summary, pure and Ag‑doped Co3O4 

nanoparticles synthesized via Clerodendrum 

infortunatum leaf extract exhibited a cubic spinel 

structure with crystallite sizes of 24.3 nm (pure) and 

19.6 nm (doped), spherical morphology (~20 nm), 

and elemental compositions confirmed by EDS and 

XPS (Ag ≈ 2.2 at%). UV‑Vis spectroscopy showed 

a red‑shift from 290 nm to 296 nm and band‑gap 

energies of 2.54 eV (Co3O4) and 2.68 eV 

(Ag‑doped). Photoluminescence revealed reduced 

emission intensity upon Ag doping, indicating 

increased non‑radiative recombination via oxygen 

vacancies. MTT assays against AGS gastric 

adenocarcinoma cells demonstrated dose‑dependent 
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cytotoxicity, with Ag‑doped Co3O4 achieving 98% 

cell death at 100 µg ml⁻¹ compared to 88% for pure 

Co3O4,owing to enhanced ROS generation and Ag⁺ 

ion release. These findings confirm the successful 

green synthesis of Ag‑doped Co3O4 nanoparticles 

with favorable optical and potent anticancer 

properties, highlighting their potential for 

therapeutic and biomedical applications. 
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