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Green synthesis of chromium oxide nanoparticles using arachis hypogaea leaf extract with antibacterial and anti-enzymatic activity against phytopathogenic bacteria
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ABSTRACT 

	Green synthesis of metal oxide nanoparticles offers an eco-friendly route for developing functional antimicrobial materials. In this study, chromium (III) oxide (Cr₂O₃) nanoparticles were synthesized using Arachis hypogaea leaf extract as a reducing and stabilizing agent and evaluated for antibacterial and anti-virulence activity against Erwinia carotovora and Pseudomonas fluorescens. The nanoparticles were tested at final concentrations of 15, 25, and 35 µg/mL. Results showed concentration-dependent antibacterial activity, with inhibition zones reaching 46.0 ± 1.2 mm for Erwinia carotovora and 39.0 ± 1.0 mm for Pseudomonas fluorescens at 35 µg/mL. In addition, Cr₂O₃ nanoparticles significantly reduced the activity of key extracellular virulence enzymes, including cellulase and pectinase. These findings demonstrate that green-synthesized Cr₂O₃ nanoparticles exhibit dual antibacterial and anti-virulence properties, supporting their potential application as environmentally friendly antimicrobial materials.
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1. INTRODUCTION 

Green synthesis approaches employ environmentally benign and relatively non-toxic reagents for the production of nanomaterials, offering an attractive alternative to conventional physicochemical synthesis methods (Iravani, 2011).  Among transition metals, chromium is an essential micronutrient for living organisms; however, its biological effects are strongly dependent on its oxidation state. Hexavalent chromium [Cr (VI)] is highly toxic, mutagenic, and carcinogenic, whereas trivalent chromium [Cr (III)] is comparatively inert, less mobile, less bioavailable, and readily adsorbed onto mineral surfaces (Richard & Bourg, 1991). Furthermore, the interaction energy of Cr (III) species is significantly lower than that of other chromium oxidation states, contributing to their reduced toxicity (Katz & Salem, 1993).
Plant-mediated synthesis of metal and metal oxide nanoparticles has gained increasing attention due to the presence of diverse biomolecules capable of acting as reducing, stabilizing, and capping agents. Leaves of Arachis hypogaea contain carbohydrates, amino acids, phenolics, and vitamins, which can facilitate the reduction of chromium ions and simultaneously serve as scaffolds for the controlled formation of chromium oxide (Cr₂O₃) nanoparticles in aqueous solutions (Zulfiqar et al., 2023). In addition, chromium has been reported to enhance cellular antioxidant capacity, suggesting potential biological relevance beyond its structural properties (Vincent, 2000). Plant cell walls are primarily composed of complex polysaccharides, including pectin and hemicelluloses, which represent some of the most abundant natural polymers (Cosgrove, 2005). Phytopathogenic bacteria possess the ability to produce a wide array of extracellular enzymes capable of degrading these polymers, thereby facilitating tissue maceration and disease development. Pseudomonas fluorescens has been implicated in soft-rot diseases through its capacity to produce pectinolytic enzymes both in vitro and in vivo (Liao & Wells, 1987). Similarly, Erwinia carotovora is a well-known plant pathogen responsible for soft-rot disease, a process that is highly dependent on the production and secretion of plant cell wall–degrading enzymes (Hugouvieux-Cotte-Pattat et al., 1996). Both Erwinia carotovora subsp. carotovora and Pseudomonas fluorescens are capable of degrading complex plant polymers into simple sugars through the secretion of extracellular enzymes such as cellulases, pectinases, amylases, and proteases. These enzymes play a critical role in tissue maceration and the progression of soft-rotting diseases across a wide range of plant species and organs (Perombelon & Kelman, 1980). Chromium (III) complexes have demonstrated antibacterial activity against several bacterial strains, including Escherichia coli and Bacillus subtilis, suggesting that chromium-based nanomaterials may possess antimicrobial potential (Katz & Salem, 1993).  However, limited information is available regarding the effects of biosynthesized Cr₂O₃ nanoparticles on phytopathogenic bacteria and their associated enzyme systems.
Therefore, the present study aimed to synthesize chromium oxide nanoparticles using Arachis hypogaea leaf extract as a green reducing agent and to evaluate their in vitro antibacterial activity against Erwinia carotovora subsp. carotovora and Pseudomonas fluorescens, with particular emphasis on their impact on extracellular enzyme production.



2. material and methods 

2.1 Green Synthesis of Cr₂O₃ Nanoparticles

Fresh leaves of Arachis hypogaea were collected, thoroughly washed with distilled water to remove surface contaminants, and air-dried at room temperature. Ten grams of finely chopped leaves were boiled in 100 mL of distilled water for 20 min. The extract was cooled and filtered through Whatman No. 1 filter paper to obtain a clear aqueous leaf extract.
Chromium oxide nanoparticles were synthesized by adding the plant extract dropwise to a 1 mM aqueous potassium dichromate (K₂Cr₂O₇) solution under continuous magnetic stirring at room temperature. The reaction mixture was maintained under stirring for 4 h until a visible color change from orange to dark green was observed, indicating reduction of chromium ions and formation of Cr₂O₃ nanoparticles.
The nanoparticle suspension was centrifuged at 12,000 rpm for 20 min. The resulting pellet was washed three times with distilled water and once with ethanol to remove unbound phytochemicals. The purified nanoparticles were dried at 60°C for 24 h and stored in airtight containers for further characterization and biological evaluation.

2.2 Characterization of Cr₂O₃ Nanoparticles

2.2.1 UV–Visible Spectroscopy

The optical properties of the synthesized nanoparticles were analyzed using a UV–Visible spectrophotometer in the wavelength range of 300–800 nm. The appearance of a characteristic absorption peak confirmed the formation of chromium oxide nanoparticles and indicated successful reduction of Cr(VI) to Cr(III) oxide.

2.2.2 Fourier Transform Infrared (FTIR) Analysis

FTIR spectra were recorded in the range of 4000–400 cm⁻¹ to identify functional groups involved in nanoparticle synthesis and stabilization. The spectra revealed prominent absorption bands corresponding to hydroxyl (–OH), amine (–NH), and carboxyl (–COOH) groups. These functional groups indicate the involvement of plant-derived biomolecules such as phenolics, proteins, and polysaccharides in reduction and capping of nanoparticles. The presence of Cr–O stretching vibrations in the lower wavenumber region further confirmed the formation of chromium oxide.

2.2.3 X-ray Diffraction (XRD) Analysis

The crystalline structure of the synthesized Cr₂O₃ nanoparticles was determined using X-ray diffraction analysis over a 2θ range of 20°–80°. The diffraction peaks corresponded to the standard rhombohedral phase of Cr₂O₃, confirming successful synthesis of crystalline chromium oxide nanoparticles. The average crystallite size (D) was calculated using the Debye–Scherrer equation:
D = (0.9λ) / (β cos θ)
where λ is the X-ray wavelength, β is the full width at half maximum (FWHM), and θ is the Bragg angle.
The average crystallite size calculated using the Debye–Scherrer equation ranged from 29 to 54 nm, confirming nanoscale formation.

2.2.4 Scanning Electron Microscopy (SEM)

SEM analysis was performed to examine surface morphology and particle size distribution. The micrographs revealed predominantly spherical to slightly irregular nanoparticles with moderate agglomeration, a typical characteristic of biosynthesized metal oxide nanoparticles. The particle size distribution indicated nanoscale dimensions consistent with XRD results.

 2.3. Bacterial Strains and Culture Conditions

Erwinia carotovora (MTCC 1428) and Pseudomonas fluorescens (MTCC 103) were cultured in nutrient broth at 28°C for 24 h. Cell density adjusted to 10⁸ CFU/mL (0.5 McFarland standard) for assays.

2.4. Enzyme Production Medium

Extracellular enzyme production was carried out in a basal salt medium containing (g L⁻¹): ammonium nitrate (1.0), magnesium sulfate (0.18), dipotassium hydrogen phosphate (0.7), and potassium chloride (0.15). The medium was supplemented with 2 mL L⁻¹ of a trace element stock solution containing zinc sulfate (2.85 mg mL⁻¹), manganese sulfate (3.01 mg mL⁻¹), ferric chloride (8.65 mg mL⁻¹), and thiamine hydrochloride (0.1 mg mL⁻¹). Plant cell wall material (0.5 g) was added as the carbon source.
Cr₂O₃ nanoparticles were introduced into the medium at final concentrations of 15, 25, and 35 µg/mL. A nanoparticle-free culture served as the control. Cultures were incubated at 28°C for 48 hours with shaking at 150 rpm. After incubation, cultures were centrifuged at 10,000 rpm for 15 minutes at 4°C, and the supernatants were collected for enzyme assays.

2.5 Enzyme assays

2.5.1 Cellulase activity

Cellulase activity was determined using 1% (w/v) carboxymethyl cellulose (CMC) as substrate in 0.05 M phosphate–citrate buffer (pH 4.6). The reaction mixture consisted of 0.5 mL substrate solution and 0.5 mL crude enzyme extract. The mixture was incubated at 50°C for 1 hour. The reaction was terminated by boiling for 3 minutes. Reducing sugars released were quantified spectrophotometrically using Nelson’s method. Enzyme activity was expressed as micrograms of reducing sugars released per milliliter of culture filtrate.

2.5.2 Pectinase activity

Pectinase activity was measured by monitoring the formation of unsaturated uronides at 230 nm. The reaction mixture contained 100 µmol Tris buffer (pH 8.8), 20 µmol calcium chloride, 1 mL of 0.3% (w/v) sodium polypectate, and distilled water to a final volume of 3 mL. The reaction was initiated by adding 0.1 mL enzyme extract. One unit of pectinase activity was defined as the amount of enzyme producing 1 µmol of unsaturated uronide per minute under assay conditions.


2.6 Antibacterial Assay (Disc Diffusion)

Bacterial lawns were prepared on nutrient agar plates using standardized inoculum suspensions (10⁸ CFU/mL). Sterile paper discs were loaded with 20 µL of Cr₂O₃ nanoparticle suspensions at final concentrations of 15, 25, and 35 µg/mL and placed on the inoculated plates. Plates were incubated at 28°C for 24 h. Inhibition zones were measured in millimeters. All experiments were performed in triplicate, and results were expressed as mean ± standard deviation.

 2.7. Statistical Analysis

Data analyzed using one-way ANOVA followed by Tukey's HSD test (p < 0.05) using SPSS v.25. Graphs generated with GraphPad Prism 9.0. 
All nanoparticle concentrations reported in this study are expressed as mass concentrations (µg/mL) to ensure consistency across antibacterial and enzyme inhibition assays.



3. results and discussion

3.1. Nanoparticle Characterization

The successful formation of chromium(III) oxide (Cr₂O₃) nanoparticles synthesized using Arachis hypogaea leaf extract was confirmed through comprehensive physicochemical characterization using UV–visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning/transmission electron microscopy (SEM/TEM).
UV–visible spectroscopy analysis revealed a distinct absorption peak in the range of 380–390 nm (Figure 1A), which is characteristic of Cr₂O₃ nanoparticles and is attributed to charge transfer transitions associated with Cr–O bonds. The presence of a single dominant absorption band without noticeable peak broadening suggests the formation of stable nanoparticles with minimal aggregation.
FTIR spectroscopy was employed to identify the functional groups involved in the reduction and stabilization of the synthesized nanoparticles. The FTIR spectrum (Figure 1B) displayed a broad absorption band around 3300–3400 cm⁻¹ corresponding to O–H stretching vibrations of hydroxyl groups derived from plant phytochemicals. A prominent peak observed near 1630–1650 cm⁻¹ was assigned to C=O stretching vibrations of carbonyl or amide groups, indicating the possible involvement of proteins or polyphenolic compounds in nanoparticle capping. Additional bands in the region of 1000–1100 cm⁻¹ were attributed to C–O stretching vibrations of alcohols and ethers. Importantly, the appearance of a characteristic absorption band in the range of 500–600 cm⁻¹ confirmed the formation of Cr–O bonds, verifying the successful synthesis of chromium oxide nanoparticles.
The crystalline structure and phase purity of the synthesized Cr₂O₃ nanoparticles were examined using X-ray diffraction analysis. The XRD pattern (Figure 1C) exhibited well-defined diffraction peaks corresponding to the rhombohedral phase of chromium(III) oxide, showing good agreement with standard reference data. The sharp and intense diffraction peaks indicate a high degree of crystallinity, while the absence of extraneous peaks confirms the formation of phase-pure Cr₂O₃ nanoparticles. The average crystallite size, estimated using the Debye–Scherrer equation, was found to be within the nanoscale range.
The surface morphology and particle size distribution of the synthesized nanoparticles were further investigated using SEM/TEM analysis. The micrographs (Figure 1D) revealed that the Cr₂O₃ nanoparticles were predominantly spherical to quasi-spherical in shape with a relatively uniform distribution. Mild agglomeration was observed, which is commonly attributed to the presence of plant-derived biomolecules acting as stabilizing agents during green synthesis. The particle size analysis indicated that most nanoparticles were within the nanoscale range, supporting the results obtained from XRD analysis.
Overall, the combined characterization results confirm the successful green synthesis of stable, crystalline Cr₂O₃ nanoparticles using Arachis hypogaea leaf extract, demonstrating the effectiveness of the plant-mediated approach in producing functional metal oxide nanomaterials.
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Fig. 1. Characterization of green-synthesized chromium (III) oxide (Cr₂O₃) nanoparticles using Arachis hypogaea leaf extract. (A) UV–Vis absorption spectrum; (B) FTIR spectrum; (C) XRD pattern; (D) SEM/TEM micrograph showing morphology and nanoscale size distribution.

 
3.2. Inhibition of Extracellular Enzymes

Cr₂O₃ nanoparticles significantly suppressed cellulase and pectinase activities in both pathogens in a dose-dependent manner (Table 1 and Figure 2).




Table 1. Effect of Cr₂O₃ nanoparticles on cellulase and pectinase activities in phytopathogenic bacteria
	Treatment (µg/mL)
	Cellulase activity (µg/mL)
	Pectinase activity (U/mL)

	Control
	2.30 ± 0.12 a
	2.80 ± 0.15 a

	15
	1.75 ± 0.10 b
	2.05 ± 0.11 b

	25
	1.10 ± 0.08 c
	1.40 ± 0.09 c

	35
	0.65 ± 0.05 d
	0.85 ± 0.07 d


Values are mean ± SD (n = 3). Different letters within each column indicate significant differences at p < 0.05.


Table 2. Antibacterial activity of Cr₂O₃ nanoparticles against phytopathogenic bacteria
	Treatment (µg/mL)
	Erwinia carotovora (mm)
	Pseudomonas fluorescens (mm)

	Control
	0.0 ± 0.0 d
	0.0 ± 0.0 d

	15
	22.0 ± 1.2 c
	27.0 ± 1.0 c

	25
	28.0 ± 1.5 b
	32.0 ± 1.3 b

	35
	46.0 ± 1.2 a
	39.0 ± 1.0 a


Values are mean ± SD (n = 3). Different letters within each column indicate significant differences at p < 0.05.





Fig. 2. Illustrates a concentration-dependent reduction in enzyme activities, with maximum inhibition observed at 35 μg/mL concentration.

 3.3. Antibacterial Activity

Cr₂O₃ nanoparticles exhibited significant antibacterial activity against both pathogens (Table 2). The inhibition zones increased significantly with nanoparticle concentration (p < 0.01). At 35 µg/mL, E. carotovora showed a larger inhibition zone (46.0 ± 1.2 mm) compared to P. fluorescens (39.0 ± 1.0 mm), indicating higher susceptibility of the former.
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Fig. 3. Representative images of inhibition zones produced by Cr₂O₃ nanoparticles at different concentrations (a: water control; b: 15 µg/mL; c: 25 µg/mL; d: 35 µg/mL).


Discussion

Mechanism of Antibacterial and Anti-virulence Action

The antibacterial and anti-enzymatic effects of green-synthesized Cr₂O₃ nanoparticles are likely mediated through multiple complementary mechanisms. Due to their nanoscale size and high surface area-to-volume ratio, Cr₂O₃ nanoparticles can readily interact with bacterial cell membranes, leading to structural destabilization and increased membrane permeability. Such disruption may result in leakage of intracellular components and impaired cellular respiration.
In addition, Cr₂O₃ nanoparticles may promote the generation of reactive oxygen species (ROS), including superoxide radicals and hydrogen peroxide. Excessive ROS production induces oxidative stress, damaging lipids, proteins, and nucleic acids within bacterial cells. Oxidative damage may also interfere with the synthesis and secretion of extracellular enzymes such as cellulase and pectinase.
Another plausible mechanism involves direct binding of Cr(III) ions to thiol (–SH), carboxyl (–COOH), and amino (–NH₂) functional groups in bacterial proteins. This interaction can alter enzyme conformation, reduce catalytic efficiency, and inhibit virulence-associated enzyme systems. The observed dose-dependent suppression of cellulase and pectinase activities supports this hypothesis.
The combined membrane disruption, oxidative stress induction, and enzyme inhibition suggest a multi-target mode of action. Such mechanisms reduce the likelihood of rapid resistance development compared to conventional antibiotics that typically target a single metabolic pathway.

Determination of Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) of Cr₂O₃ nanoparticles against Erwinia carotovora and Pseudomonas fluorescens was determined using the broth microdilution method. Serial two-fold dilutions of nanoparticle suspensions were prepared in nutrient broth to obtain concentrations ranging from 5 to 40 µg/mL.
Each well was inoculated with 100 µL of bacterial suspension adjusted to approximately 10⁶ CFU/mL. Microplates were incubated at 28°C for 24 h. Bacterial growth was assessed visually and confirmed by measuring optical density at 600 nm using a microplate reader.
The MIC was defined as the lowest nanoparticle concentration that completely inhibited visible bacterial growth.

Minimum Inhibitory Concentration

The MIC values of Cr₂O₃ nanoparticles were determined using broth microdilution assays (Table 3). The MIC for Erwinia carotovora was 20 µg/mL, whereas Pseudomonas fluorescens exhibited a slightly higher MIC of 25 µg/mL. These findings are consistent with disc diffusion results, indicating greater sensitivity of E. carotovora to Cr₂O₃ nanoparticles.
The lower MIC values further confirm the strong antibacterial potency of the synthesized nanoparticles and support their potential application as alternative antimicrobial agents.



1. CONCLUSION

Green-synthesized Cr₂O₃ nanoparticles using Arachis hypogaea leaf extract demonstrated significant antibacterial activity against Erwinia carotovora and Pseudomonas fluorescens, along with concentration-dependent inhibition of cellulase and pectinase enzymes essential for pathogenicity. The nanoparticles’ dual action direct growth inhibition and virulence suppression positions them as promising eco-friendly biocontrol agents for sustainable agricultural applications. Further in vivo and field-level studies are required to validate their practical effectiveness in managing soft-rot diseases.


[bookmark: _GoBack]
References

Cosgrove, D. J. (2005). Growth of the plant cell wall. Nature Reviews Molecular Cell Biology, 6(11), 850–861. https://doi.org/10.1038/nrm1746
Hugouvieux-Cotte-Pattat, N., Condemine, G., Nasser, W., & Reverchon, S. (1996). Regulation of pectinolysis in Erwinia chrysanthemi. Annual Review of Microbiology, 50(1), 213–257.
Iravani, S. (2011). Green synthesis of metal nanoparticles using plants. Green Chemistry, 13(10), 2638. https://doi.org/10.1039/c1gc15386b
Katz, S. A., & Salem, H. (1993). The toxicology of chromium with respect to its chemical speciation: a review. Journal of Applied Toxicology, 13(3), 217–224.
Liao, C. H., & Wells, J. M. (1987). Diversity of pectolytic, fluorescent pseudomonads causing soft rots of fresh vegetables at produce markets. Phytopathology, 77(5), 673–677.
Perombelon, M. C. M., & Kelman, A. (1980). Ecology of the soft rot erwinias. Annual Review of Phytopathology, 18(1), 361–387.
Richard, F. C., & Bourg, A. C. M. (1991). Aqueous geochemistry of chromium: a review. Water Research, 25(7), 807–816.
Vincent, J. B. (2000). The biochemistry of chromium. The Journal of Nutrition, 130(4), 715–718.
Zulfiqar, U., Haider, F. U., Ahmad, M., Hussain, S., Maqsood, M. F., Ishfaq, M., Shahzad, B., Waqas, M. M., Ali, B., & Tayyab, M. N. (2023). Chromium toxicity, speciation, and remediation strategies in soil-plant interface: A critical review. Frontiers in Plant Science, 13, 1081624.
 
Erwinia 	Control	15 µL	25 µL	35µL	132.23999999999998	90.16	61.309999999999995	25.45	Pseudomonas	Control	15 µL	25 µL	35µL	132.23999999999998	99.31	72.209999999999994	38.43	image1.png
oH o
\
Creer ~ ocH,
.
\ 20 " o o :
e Cr** HO HO Redox reaction (7., alent s
+ ocn, ot
O ] ey,
on o coon
Phytochemicals in plant extract
(Polyphenols, flavonoids etc.)
(enol form)
Polyphenols, flavonoid
in keto form
after oxidation
Capping

Stabilization
(Zero-valent s

“apped Cr nanoparticles

Calcination
@500°C

Phytochemicals
(alkaloids, proteins, ®
saponins etc.)

Air drying




image2.png
Figurel: Effect of the Cr205 NP (ul) on growth of Erwinia carotovora
using a- water b-15 pl c-25 I d-35 pl




