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ABSTRACT. The increasing threat of microbial infections on surfaces has created a critical demand for effective 

antimicrobial textiles. This research addresses this need by fabricating a nanocomposite textile with antimicrobial 

functionality, incorporating cobalt oxide nanoparticles (Co₃O₄ NPs) synthesized through an eco-friendly and cost-
efficient method utilizing okra fruit (OF) extract. In the initial phase, the produced cobalt oxide nanoparticles 

underwent characterization using appropriate analytical techniques such as scanning electron microscopy-energy 

dispersive x-ray spectroscopy (SEM-EDX), Fourier transform infrared spectroscopy (FTIR), x-ray diffraction 
(XRD), transmission electron microscopy (TEM), Zeta potential and dynamic light scattering (DLS) technique. The 

results showed that a homogeneous shape with a rod-like structure in the diameter range from 4 to 11 nm. 

spectroscopy revealed a distinct absorption band at 551 cm⁻¹, which corresponds to the stretching vibrations of the 

cobalt–oxygen (Co–O) bond. OF-Co₃O₄ nanoparticles (NPs), at 200 μL, exhibited notable antibacterial activity, 

forming inhibition zones measuring 27 mm against S. aureus and 24 mm against E. coli. Following antimicrobial 

assessment, cotton fabrics were impregnated with an OF-Co₃O₄ NP solution at a concentration of 1000 µg/mL. At 
this dosage, the treated fabrics demonstrated strong antibacterial properties, reducing bacterial growth by 81.8% for 

S. aureus and 76.5% for E. coli. 
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INTRODUCTION 

 

Nanoparticles (NPs) have become a central focus of scientific research in recent years due to their 

remarkable traits, like surface plasmon resonance, unparalleled redox reversibility, and distinctive 

optical characteristics [1, 2]. These properties have driven NPs utilization across multiple 

domains, including gene therapy, drug delivery systems, and biotechnological innovations. The 

widespread industrial adoption of metal and metal-oxide nanoparticles directly correlates with 

their exceptional chemical and physical properties [3-5]. Importantly, these functional attributes 

depend heavily on nanoparticle morphology, dimensions, and elemental composition, making 

precise control over these parameters essential [6-7]. This nanoscale precision lies at the heart of 

nanotechnology, a fast-growing scientific discipline achieving global recognition. The field's 

capacity to engineer innovative materials stems from nanomaterials' reduced size and enhanced 

surface-area-to-volume ratios. These features have enabled groundbreaking applications in 

diverse sectors such as biomedical engineering, catalytic processes, renewable energy systems, 

environmental cleanup, and advanced water purification technologies [5, 8, 9].   

Notably, nanoscale substances have attracted considerable interest in their antibacterial 

capabilities. Laboratory studies confirm that specific antimicrobial nanoparticles and their 
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delivery systems effectively combat infectious diseases, including antibiotic-resistant strains [10]. 

Intensive research efforts have focused on analyzing the structural and reactive properties of 

metallic substances like magnesium oxide (MgO), silver (Ag), zinc oxide (ZnO), and copper oxide 

(CuO) for developing next-generation antibacterial agents [10-13].   

Numerous methodologies have been developed for the synthesis of nanoparticles (NPs), 

including precipitation, sol-gel processing, wet chemical approaches, microwave-assisted 

synthesis, electrochemical techniques, hydrothermal treatment, and reverse micelle systems [14-

17]. Despite their effectiveness, these conventional physical and chemical strategies often entail 

high costs and the use of hazardous chemicals, raising both economic and environmental 

concerns. As a result, there is increasing interest in adopting green chemistry approaches for 

CoNP production, especially those that utilize plant-based materials. Plant extracts are particularly 

attractive for this purpose because they contain various bioactive molecules, including 

polyphenols, flavonoids, and glycosides that function as natural reducing agents, facilitating the 

transformation of metal ions into nanoparticles [18-19]. For instance, researchers have 

successfully synthesized CuO NPs using Calotropis procera latex [20] and have also employed 

pomegranate (Punica granatum) peel extract to convert cobalt nitrate hexahydrate into 

nanoparticles [21]. The appeal of using fruit extracts lies in both their rich phytochemical content 

and the widespread availability of fruits, making them a sustainable resource for nanoparticle 

fabrication [22]. Compounds such as antioxidants, flavonoids, catechins, anthocyanidins, 

isothiocyanates, isoflavones, polyphenols, and carotenoids, classified as primary and secondary 

metabolites play a pivotal role in the reduction process [23]. Notably, pomegranate peel waste has 

been repurposed for the synthesis of various metal oxide nanoparticles [24], and fresh fruit 

extracts have enabled the development of diverse hybrid nanostructures, including nanowires, 

nanospheres, nanotubes, and nanocomposites [25]. 

Nanomaterials enhance antimicrobial properties in textiles through their high surface area-to-

volume ratio and reactivity, allowing effective interaction with microbes to reduce hospital-

acquired infections (HAIs) without degrading fabric quality. Metal oxide nanoparticles like silver 

(Ag), zinc oxide (ZnO), and titanium dioxide (TiO2) provide durable protection via methods such 

as polymer binders or sonochemical deposition, maintaining efficacy after multiple washes for 

healthcare applications [26].  

This research reports the eco-friendly biosynthesis of Co₃O₄ NPs employing an aqueous 

extract derived from okra fruit. The synthesized nanoparticles were comprehensively 

characterized using a range of analytical techniques, including FTIR, XRD, SEM and TEM, while 

EDAX was used to determine the elemental composition. In conjunction with the synthesis and 

characterization processes, the antibacterial efficacy of the Co₃O₄ NPs was evaluated. Prior to 

their application on textile substrates, the minimum inhibitory concentration (MIC) of the 

biosynthesized nanoparticles was determined. Subsequently, the antimicrobial performance of the 

treated textiles was assessed following the incorporation of Co₃O₄ NPs at a concentration of 1000 

mg/L. 

 

EXPERIMENTAL 

 

Materials and methods 

 
Cobalt nitrate hexahydrate was purchased from Sigma-Aldrich, USA. Okra fruit was collected 

from the local market in Egypt. 

 

Green synthesis of Co₃O₄ NPs 

 

To synthesize cobalt-oxide nanoparticles (Co₃O₄ NPs), an aqueous extract of Abelmoschus 

esculentus fruit, prepared by heating washed and cut okra in distilled water followed by filtration, 
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is slowly added dropwise to a 1M cobalt-nitrate hexahydrate Co(NO3)2.6H2O solution under 

continuous stirring at room temperature. The resulting mixture is then heated to 70°C and 

maintained for 3 h. The formed nanoparticles are separated by centrifugation, washed three times 

with distilled water, and finally calcined at 450°C for 3 hours to obtain pure Co₃O₄ NPs, which 

are then stored in a dry, airtight container. Eventually, the Co₃O₄ NPs product was gathered and 

put through additional testing (Scheme 1). 

 
 

Scheme 1. Schematic illustration of bio-synthesized OF-Co3O4 NPs.  

 

Characterization of OF-Co₃O₄ NPs  

 

The prepared samples were characterized using advanced analytical approaches. Surface and 

structural morphology were examined via High Resolution SEM (FEI Quanta FEG 250) operating 

at accelerating voltages ranging from 200 V to 30 kV, while functional groups were identified 

using ATR-FTIR (THERMO NICLOT 50) equipped with a built-in diamond ATR module 

offering a spectral range of 5000-80 cm⁻¹, a resolution better than 0.09 cm⁻¹. Crystalline structure 

analysis was conducted through XRD (Bruker D2 Phaser, 2nd generation) employing a Cu Kα 

radiation source at 30 kV and 10 mA, with a theta/theta goniometer configuration, a 2θ 

measurement range from -5° to 80°, and particle size distribution along with zeta-potential were 

measured using Dynamic-Light Scattering (ZetaSizer-Nano Series (HT), Malvern-Instruments, 

UK) utilizing a 633 nm He-Ne laser to determine hydrodynamic diameters from 0.3 nm to 10 μm 

and zeta potentials in the range of ± 500 mV. 

 

Evaluation of antibacterial properties of OF-Co₃O₄ NPs  

 

The antibacterial performance of the synthesized OF-Co₃O₄ NPs was assessed using the agar well-

diffusion technique to establish the minimum inhibitory concentration (MIC) [27]. Both Gram-

positive (Staphylococcus aureus -ATCC6538) and Gram-negative (Escherichia coli -ATCC8739) 

bacterial strains were utilized as test organisms. Mueller-Hinton agar served as the growth 

medium. After 24 hours, a microbial suspension was prepared and adjusted to a turbidity of 0.5 

McFarland standard. This suspension was then added to a sterilized (autoclaved) growth medium. 

The inoculated medium was evenly poured into sterile Petri dishes and allowed to solidify. Once 

set, 8 mm wells were aseptically created in the agar using a sterile cork borer. A range of OF-

Co3O4 NPs concentrations (10,000, 5,000, 2,500, 1,250, 625, and 312.5 µg/mL) was prepared in 

colloidal form. Each concentration was introduced into separate wells on the agar plates. The 

plates were initially placed in refrigeration for one hour to allow OF-Co3O4 NPs diffusion, 

followed by incubation at 37 °C for 24 hours. After the incubation period, the diameters of the 
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inhibition zones were measured in millimeters, and all tests were conducted in triplicate to ensure 

accuracy.  

 

Fabric functionalization with OF-Co₃O₄ NPs  

 

Prior to treatment, fabric samples (15 × 30 cm) were thoroughly cleaned with water and dried. 

The OF-Co₃O₄ NPs solution was applied to the fabric using a dip-coating technique at the MIC-

derived concentration deemed safe. Each fabric was soaked in the solution for five minutes and 

then passed through a laboratory padder to achieve 100% wet pickup under controlled pressure. 

After treatment, the fabrics were dried at 80 °C for five minutes and then cured at 150 °C for two 

minutes. The experiment included the following treatment groups: Controls: negative control: 

Trypticase Soy Broth (TSB) without any bacterial inoculation.  Positive control: Untreated fabric 

placed in TSB inoculated with bacteria. Blank: Untreated fabric placed in sterile TSB. 

Experimental group:  Fabric samples coated with OF-Co₃O₄ NPs. 

   

Surface morphology via scanning electron microscopy (SEM)  

 
The surface characteristics of both treated and untreated cotton fabrics were analyzed using a 

JEOL JSM-5400 SEM. OF-Co3O4 NPs were mounted on stubs and coated with a thin layer of 

gold using a sputter coater prior to imaging.  

 

Assessment of antibacterial efficiency in treated fabrics by OF-Co3O4 NPs  

 
The antimicrobial activity of the nanoparticle-treated fabrics was tested against Staphylococcus 

aureus (ATCC 6538) and Escherichia coli (ATCC 8739). Fabric samples (1 cm²) were placed into 

5 mL of TSB medium, each containing 100 µL of bacterial suspension adjusted to an optical 

density (OD) of 1.0 at 600 nm. After 24 hours of incubation, bacterial growth was evaluated by 

measuring the optical density at 630 nm [28]. Since OD values correlate with bacterial 

concentration, the bacteriostatic efficiency of the fabric treatment was determined using the 

formula below: 

Bacterial reduction (%) = [OD control - OD treated /OD control] ×100    

where:  OD (control) refers to the optical density of the positive control; OD (treated) refers 

to the optical density of the treated sample.  This calculation provided a quantitative measure of 

bacterial inhibition as a result of the OF-Co₃O₄ NP treatment on textile substrates. 

 

RESULTS AND DISCUSSION 

 

Morphological analysis 

 

The morphological characteristics of Co₃O₄ nanoparticles were examined, with the corresponding 

SEM micrograph presented in Figure 1. The image reveals a uniform particle shape and a narrow 

size distribution across the sample. Particle aggregation observed in the green-synthesized 

nanoparticles is attributed to the specific properties of the plant extract and the nature of its 

phytochemical constituents [25]. The incorporation of okra fruit extract was found to suppress 

nucleation while enhancing the growth rate, thereby promoting the development of larger 

aggregates with irregular, rock-like morphologies [29]. Biological compounds with surface 

functionalities such as carboxyl, hydroxyl, amino, and thio groups can passivate nanoparticle 

surfaces. However, these same groups can also form intermolecular hydrogen bonds, potentially 

causing particle agglomeration  [30]. EDX with mapping was employed to determine the elemental 
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composition of the synthesized Co3O4-NPs nanoparticles (NPs), as depicted in Figure 1 B-E. The 

prominent peaks in the spectrum confirm the presence of cobalt (Co) and oxygen (O), the primary 

constituents of the synthesized NPs, along with a carbon (C) peak.  Quantitative analysis of the 

EDX data revealed a composition of approximately 59 wt% cobalt and 26.4 wt% oxygen, 

consistent with the expected stoichiometry of cobalt oxide Co3O4-NPs. The presence of 13.8 wt% 

carbon may be attributed to residual organic matter from the plant extract. The EDX spectrum 

exhibits distinct peaks in the 0-1 keV and 6-8 keV regions, characteristic of crystalline Co3O4-

NPs nanoparticles. The simultaneous detection of cobalt and oxygen unequivocally confirms the 

formation of cobalt oxide in the synthesized material [31]. 

 

 
Figure 1. SEM image (A), Elemental mapping (B-D), and EDX (E) of Co3O4-NPs. 

 

FTIR and XRD analysis 

 

The surface chemistry of the synthesized okra fruit-mediated OF-Co₃O₄ NPs was analyzed using 

FTIR spectroscopy. As illustrated in Figure 2A, the spectrum displays multiple absorption bands 

corresponding to various functional groups involved in nanoparticle formation. Prominent peaks 

were observed at 3345, 2927, 1643, 1353, 1052, 655, and 550 cm⁻¹. The broad absorption at 3345 

cm⁻¹ is indicative of hydroxyl group presence, while the peak at 2927 cm⁻¹ is attributed to C–H 
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stretching vibrations of alkanes [32]. The band at 1643 cm⁻¹ corresponds to carbonyl (C=O) 

groups [25], and the signal at 1531 cm⁻¹ is associated with C=C stretching, reflecting the aromatic 

skeletal framework of the extract. Additionally, the peak at 1353 cm⁻¹ signifies C–C stretching 

within aromatic compounds, and the absorption at 1052 cm⁻¹ is linked to C–O stretching 

vibrations [32].   

 

 
 

Figure 2. FTIR (A) and XRD(B) of OF- Co3O4 NPs. 

 

The bands near 655 cm⁻¹ and 550 cm⁻¹ are characteristic of Co–O vibrations, confirming the 

transformation of cobalt hydroxide into cobalt oxide and the thermal decomposition of organic 

constituents from the plant extract  [33].  Further structural analysis was performed using XRD, 

with the pattern of Co₃O₄ nanoparticles post-calcination at 450 °C presented in Figure 2B. The 

diffraction peaks observed at 2θ values of 19.27°, 31.52°, 37.25°, 45.02° and 59.62° correspond 

to the (111), (220), (311), (400) and (511) crystal planes, respectively, and are consistent with the 

face-centered cubic (FCC) structure of Co₃O₄ nanoparticles [7]. Based on the Scherrer equation, 

the average crystallite size of the OF-Co₃O₄ NPs was estimated to be approximately 10.7 nm. The 

data further suggests that multiple crystallites have aggregated to form the final nanoparticle 

structure. 

 

TEM, zeta potential, and DLS analysis 

 

TEM imaging revealed cobalt oxide nanoparticles displaying diverse morphologies (Figure 3A), 

with a notable prevalence of elongated, rod-shaped structures alongside ovoid forms. Dimensional 

analysis of the nanoparticles indicated sizes ranging from 4 to 11 nm. Despite the heterogeneity 

in individual particle diameters, the majority resided within the nanoscale, yielding an average 

particle size of 9.70 nm according to the histogram (Figure 3D). This average is consistent with 

the nanoscale nature of the material as suggested by XRD data. Furthermore, the nanoparticles 

exhibited a marked tendency to self-assemble into irregular clusters. The zeta potential of the 

synthesized OF-Co₃O₄ nanoparticles was measured to be −36.2 mV (Figure 3B), indicating a 
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negatively charged surface. This negative surface charge generates electrostatic repulsion among 

particles, thereby promoting colloidal stability and preventing aggregation [34]. Typically, 

nanoparticles with zeta potential values exceeding +25 mV or below −25 mV are considered to 

possess significant stability due to strong repulsive forces. In this case, the negative charge is 

attributed to the capping agents derived from the plant extract, which play a crucial role in 

stabilizing the nanoparticles [35]. Thus, greater surface charge magnitude correlates with 

enhanced stability. 

 

 

 

  

 

Figure 3. TEM (A) Zeta potential (B), size distribution (C) and histogram (D) of OF- Co3O4 NPs. 

 

To further characterize the nanoparticles, DLS analysis was performed (Figure 3C), revealing 

an average hydrodynamic diameter of approximately 376 nm and a polydispersity index (PDI) of 

0.334. Since the PDI value is below 0.5, the nanoparticle dispersion is considered monodisperse. 

However, some degree of agglomeration may occur due to intermolecular hydrogen bonding 

among the bioactive compounds present in the plant extract [36]. Comparative literature (Bibi et 

al., 2017), reports the synthesis of uniform, spherical cobalt oxide nanoparticles with diameters 

below 80 nm using Punica granatum peel extract. In contrast, scanning electron microscopy 

(SEM) analysis of the OF-Co₃O₄ nanoparticles (Figure 1) shows aggregated structures with 

varying diameters. The observed discrepancy between particle sizes obtained from DLS and those 

visualized via transmission electron microscopy (TEM) can be attributed to the angle-dependent 

nature of light scattering in DLS measurements [21] . 
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Antibacterial activity of OF- Co3O4 NPs with MIC 

 

The antimicrobial activity of OF-Co3O4 NPs was analyzed by the agar well diffusion method at 

10000 µg/mL of cobalt oxide nanoparticles. The OF-Co3O4 NPs exhibited good antimicrobial 

activity against two pathogenic bacteria. The results, represented graphically in Figure 4, revealed 

that the two tested microorganisms were inhibited by OF- Co3O4 NPs.    

 

 
 

Figure 4. Antibacterial activity and MIC determination of OF-Co₃O₄ NPs at varying 

concentrations. 

 

The inhibition zone produced by OF-Co3O4 NPs was 27 and 24 mm for S. aureus and E. coli, 

respectively. The observed inhibition zones are consistent with previous studies that have reported 

the antimicrobial efficacy of cobalt oxide nanoparticles. The diameter of the inhibitory zone 

formed by OF- Co3O4 NPs was correlated to its concentration, so that the MIC for each bacterial 

strain must be determined. To achieve this goal, different concentrations of OF- Co3O4 NPs were 

used (10,000, 5,000, 2,500, 1,250, 625, and 312.5 µg/mL). Data in Figure (4) revealed that 1250 

μg/mL was the minimum concentration of OF-Co₃O₄ NPs having inhibitory action against S. 

aureus and E. coli.  The results showed a concentration-dependent antibacterial response, with 

higher concentrations yielding larger zones of inhibition. The lowest concentration that exhibited 

a visible inhibitory effect against both bacterial strains was identified as the MIC. OF-Co₃O₄ NPs 

were particularly effective against S. aureus, indicating a stronger activity against Gram-positive 

bacteria, although significant inhibition was also observed against E. coli. These findings suggest 

that OF-Co₃O₄ NPs possess broad-spectrum antibacterial properties and can be considered 

effective antimicrobial agents at relatively low concentrations. These observations are in good 

agreement with earlier work on Co₃O₄ nanoparticles. For instance, synthesized Co₃O₄ NPs 

demonstrated dose-dependent activity against S. aureus and E. coli, with inhibition zone diameters 

ranging from approximately 22 mm up to 45 mm at different doses from Co₃O₄ NPs [38]. Another 

study found that Co/Co₃O₄ nanocomposites displayed MICs of around 500 µg/mL for both S. 

aureus and E. coli, along with MBCs between 1000–2000 µg/mL [39-40]. For instance, Akhter 

et al., [41], found inhibition zones of approximately 23 mm for S. aureus and 28 mm for E. coli 

at nearly Co₃O₄NPs concentrations, suggesting that the antimicrobial activity in this study is 

comparable or slightly enhanced. Other studies, Girma et al., [42] have also confirmed that Gram-

positive bacteria such as S. aureus tend to be more susceptible to metal oxide nanoparticles than 

Gram-negative bacteria like E. coli, likely due to differences in cell wall structure. 
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Integration of Biosynthesized OF-Co₃O₄ Nanoparticles into Cotton Fabric  

 

Due to their notable antibacterial properties, the biosynthesized OF-Co₃O₄ NPs were incorporated 

into cotton fabrics for potential use in antimicrobial textiles. The application method followed 

protocols established in our prior research. A colloidal suspension of OF-Co₃O₄ NPs was prepared 

by dispersing the nanoparticles in distilled water to achieve a final concentration of 1000 µg/mL. 

The presence and uniform distribution of OF-Co₃O₄ NPs on the fabric surface were confirmed 

through  SEM, coupled with  EDX, as illustrated in Figure 5A–C. SEM imaging of the treated 

fabric (Figure 5B) revealed a consistent and homogeneous layer of nanoparticle deposition, in 

contrast to the untreated control fabric (Figure. 5A), which displayed a smooth and clean surface.  

 

 
Figure 5. (A) Untreated cotton-fabric SEM image, (B) Treated cotton-fabric with OF-Co₃O₄ 

nanoparticles SEM image, and (C) EDX spectrum of cotton fabric treated with Co₃O₄ 

NPs. 

 

Furthermore, EDX analysis was employed to determine the elemental composition of the 

coated fabrics. The EDX spectrum (Figure 5C) indicated that cobalt, a constituent of the cobalt 

oxide nanoparticles, accounted for approximately 26.1% of the total elemental content detected 

in the treated sample, thereby confirming successful OF-Co₃O₄ NPs incorporation. These findings 

are consistent with earlier reports involving the application of metal oxide nanoparticles to textile 

substrates. For instance, Ali et al., [43] demonstrated successful coating of cotton fabrics with 

Co₃O₄ nanoparticles synthesized via a chemical precipitation method, resulting in similar surface 

coverage and antibacterial properties. Investigations on CuO and ZnO nanoparticles have also 

shown comparable levels of adhesion and surface morphological alterations following loading on 

cotton textiles [27]. These results confirm the successful integration of OF-Co₃O₄ NPs into cotton 

fibers, enhancing the fabric’s functional properties and establishing its potential for use in 

antimicrobial textile applications. 

The antimicrobial effectiveness of cotton fabrics treated with OF-Co₃O₄ NPs was investigated 

by measuring the percentage reduction of pathogenic bacteria. As presented in Figure 6, the 
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treated fabrics demonstrated significant antibacterial activity against both tested strains. 

Specifically, the bacterial reduction reached 81.8% for S. aureus and 76.5% for E. coli. These 

findings highlight the enhanced antimicrobial functionality imparted by the OF-Co₃O₄ NPs, which 

were effectively anchored onto the cotton fibers, enabling the fabric to inhibit bacterial growth. 

In comparative treatments using Cu-O, Zn-O, Co-O, Fe-O, and Mn-O nanoparticles, all fabrics 

showed high antibacterial efficiency, with a variety of bacterial inactivation [28,44]. These results 

confirm the successful integration of OF-Co₃O₄ NPs into cotton fibers, enhancing the fabric’s 

functional properties and establishing its potential for use in antimicrobial textile applications. 

 

 
 

Figure 6. Antibacterial Efficiency of OF-Co₃O₄ NP-Treated Fabrics Assessed using bacterial-

reduction (%). 

 

CONCLUSIONS 

 

Co₃O₄ nanoparticles were successfully synthesized via a green method using okra fruit extract, 

which served as both a reducing and stabilizing agent. This solvent-free approach aligns with 

sustainable chemistry principles and eliminates the need for external catalysts or templates. The 

presence of biomolecules such as phenols and tannins facilitated the formation of rod-shaped 

nanoparticles with sizes ranging from 4 to 11 nm. Zeta potential analysis revealed a strong 

negative surface charge, indicating good colloidal stability, while particle size distribution 

confirmed uniformity and minimal aggregation. These results demonstrate the effectiveness of 

plant-mediated synthesis in producing stable, nanoscale materials with potential applications in 

the coating of fabric. Regarding the antimicrobial outcomes, the textiles were treated with 

1000µg/mL of OF-Co₃O₄ NPs, which demonstrated good antimicrobial effects against pathogens. 
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