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This study investigates the biosynthesis of iron oxide nanoparticles (Fe2O3NPs) using the cell-free 
supernatant of Pseudomonas fluorescens. The synthesized Fe2O3NPs were characterized through 
UV–VIS, XRD, FTIR, FESEM, EDX, TEM, BET, and VSM analyses. The XRD results confirmed that 
Fe2O3NPs were successfully synthesized and EDX analysis indicated that iron accounted for 89.5% of 
the sample composition. Imaging via SEM and TEM revealed average diameters of 20.43 ± 5.38 nm 
and 24.32 ± 5.03 nm, respectively. The antimicrobial effects of Fe2O3NPs were assessed against four 
bacterial strains and four fungal species. Inhibition zones of 8.35 ± 0.103 mm and 8.31 ± 0.128 mm 
were observed for Pseudomonas syringae and Staphylococcus aureus at a concentration of 400 μg mL−1 
of Fe2O3NPs. Antifungal efficacy showed growth rate reductions of 90.4% for Aspergillus niger, 71.1% 
for Monilinia fructigena, 68.8% for Botrytis cinerea, and 84.2% for Penicillium expansum, compared to 
controls. The nanoparticles demonstrated photocatalytic degradation efficiencies of 89.93%, 84.81%, 
and 79.71% for methyl violet, methyl orange, and methylene blue, respectively. Also Fe2O3NPs 
exhibited significant DPPH free radical scavenger activity with an IC50 value of 8.45 ± 0.59 μg mL

−1. 
The study’s findings underscored the significant potential of Fe2O3NPs in addressing environmental 
pollution and combating pathogenic microorganisms.
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Interest in nanoscale materials is rising because their smaller size increases surface area, significantly altering their 
properties1. This phenomenon can induce modifications in the electronic, optical, thermal, and chemical reactivity 
properties of compounds2. Generally, chemical, physical, and biological methods are commonly employed for 
nanoparticle production3. Chemical techniques for synthesizing nanoparticles include precipitation, oxidation 
or reduction, and reactions involving electron transfer. In contrast, physical methods use a bottom-up approach 
with two key stages: material evaporation followed by rapid, controlled condensation to produce nanoparticles 
of specific sizes. Green synthesis focuses on creating metallic and metal oxide nanoparticles through two main 
approaches: plant-mediated and microorganism-mediated biosynthesis3.

The use of hazardous materials in conventional chemical methods for nanoparticle synthesis poses 
significant toxicity and environmental risks due to the persistent toxic byproducts. As a result, there is a growing 
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preference for alternative synthesis approaches3,4. Green nanotechnology minimizes the production of toxic 
chemicals, ensuring high environmental compatibility. The principles of green synthesis are crucial for reducing 
or eliminating hazardous compounds in the creation of synthetic and chemical products. The resulting green 
nanomaterials have significant potential for widespread applications across various industries5,6.

In recent times, biological methodologies employing fungi, bacteria, and plant extracts have garnered 
considerable attention due to their inherent simplicity, cost-effectiveness, high efficiency, non-toxic nature, and 
environmental friendliness relative to conventional methods7. This shift towards biological approaches signifies 
a pivotal step towards sustainable and environmentally conscious nanomaterial synthesis8.

Microorganisms are prominent in the green synthesis of nanoparticles because of their rapid growth, ease 
of cultivation, and adaptability to various environmental conditions, including temperature, pH, and pressure9. 
Various microorganisms serve as potential biological catalysts for producing environmentally friendly and cost-
effective nanoparticles comprising metals like silver, gold, iron, copper, zinc, titanium, palladium, and nickel. 
The biosynthetic process of nanoparticles in microorganisms involves capturing specific metal ions from the 
surroundings and enzymatically converting them into elemental form, followed by a reduction mechanism10.

Not all microorganisms can synthesize nanoparticles, as this ability depends on specific metabolic pathways 
and enzymes. Intracellular nanoparticle biosynthesis involves specialized transport systems, with the negatively 
charged cell wall facilitating the deposition of positively charged metal ions through electrostatic interactions. 
Extracellular nanoparticle synthesis is driven by nitrate reductase, an enzyme found either in the cell wall or 
secreted into the growth medium, proteins, and other biological molecules within microorganisms which 
reduces metal ions and aids in nanoparticle production11,12. Proteins secreted by microorganisms primarily act 
as stabilizing agents, ensuring colloidal stability and preventing nanoparticle aggregation11.

Research indicates that NADH-dependent enzymes are responsible for the synthesis of nanoparticles, 
with reduction mechanisms being initiated by electron transfer from NADH through NADH-dependent 
reductases acting as electron carriers13. Various bacteria, such as Pseudomonas aeruginosa, Visella oriza, Bacillus 
methylotrophicus, Bhargavaea indica, Lactobacillus, Enterobacter, Corynebacterium, Rhodobacter, Brevibacterium, 
and Brevibacterium frigoritolerans, have been shown to possess the capability to synthesize different types of 
nanoparticles14–17.

Nanotechnology is rapidly expanding today, with diverse applications across physical, chemical, and 
biological sciences1. One specific class of nanoparticles, metal oxide nanoparticles ranging from 1 to 100 nm, 
has unique physical and chemical properties. These nanoparticles are particularly useful as catalysts and 
antimicrobial agents18,19.

Industries like textiles, food processing, cosmetics, pharmaceuticals, leather production, and paper 
manufacturing generate colored effluents, including methylene blue, Congo red, methyl orange, methyl red, 
naphthol orange, acid orange, and rhodamine B. This highlights the importance of addressing organic colorants as 
significant environmental pollutants. Various methods have been employed for colorant removal from industrial 
wastewater, including surface adsorption, membrane processes, biological treatments, and advanced oxidation 
processes20. Photocatalytic processes have been a longstanding environmental solution in industrialized nations 
and continue to evolve with the introduction of new photocatalytic materials that offer diverse properties21. The 
Nano material properties are closely linked to its size and shape. By manipulating the structure’s dimensions 
and morphology, novel materials with unique characteristics can be developed22. Iron oxide nanoparticles 
are essential in industrial microbiology, stabilizing microbial cells in processes like wastewater treatment and 
eliminating microbial contaminants. Nanostructured iron oxide photocatalysts have a high surface-to-volume 
ratio, making them a key technology for controlling environmental pollution23.

The overuse of antibiotics has led to bacterial resistance, prompting researchers to seek alternative solutions. 
Metallic oxide nanoparticles, such as iron oxides, zinc oxide, and titanium dioxide, have emerged as promising 
candidates due to their broad spectrum of toxic and cell-killing properties against various microorganisms, 
including bacteria, fungi, and viruses24. Among these, iron oxide nanoparticles have garnered significant attention 
from the scientific community because of their advantageous magnetic properties, high biocompatibility, low 
toxicity, and superior efficacy compared to other types of nanoparticles. In addition several studies have reported 
on the antimicrobial effects of iron oxide nanoparticles against both gram-positive and gram-negative bacteria, 
as well as fungi24–26. The predominant proposed mechanism underlying the antimicrobial properties of metallic 
oxide nanoparticles involves disrupting the cell wall and causing damage to enzymes and nucleic acids27,28. 
These nanoparticles have proven effective as photocatalysts for degrading organic pollutants in wastewater and 
air, providing a sustainable approach to environmental cleanup29,30. Iron oxide nanoparticles are promising for 
biomedical applications, particularly in drug delivery, imaging, and developing innovative antimicrobial agents 
due to their antioxidant and antimicrobial properties, which may lead to novel therapies for oxidative stress-
related diseases and enhance healthcare and food safety25,28,31. The significance of green synthesis methods 
for nanoparticle production lies in their ability to create environmentally friendly and sustainable products, 
aligning with green chemistry principles and advancing eco-friendly nanotechnologies. In the present study, 
the cell-free supernatant of Pseudomonas fluorescens was utilized for the green synthesis of iron nanoparticles. 
It is expected that the iron nanoparticles synthesized from this bacterium will demonstrate multifunctional 
properties, including antioxidant, antibacterial, antifungal, and photocatalytic activities. Therefore the main 
objectives of this research are as follows: (I) To perform the green synthesis of Fe2O3NPs using the cell-free 
supernatant of Pseudomonas fluorescens; (II) To characterize the synthesized nanoparticles through various 
techniques, including field emission scanning electron microscopy (FESEM), Fourier-transform infrared 
spectroscopy (FTIR), UV–Visible spectroscopy (UV–Vis), X-ray diffraction (XRD), energy-dispersive X-ray 
spectroscopy (EDX), transmission electron microscopy (TEM), Brunauer–Emmett–Teller (BET) analysis, and 
vibrating sample magnetometer (VSM); (III) To evaluate the antibacterial and antifungal activity, DPPH free 
radical scavenging activity, and photocatalytic properties of the synthesized nanoparticles.
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Results and discussion
Characterization of Fe2O3NPs
The green synthesis of Fe2O3NPs was accomplished using Pseudomonas fluorescens as the selected model 
microorganism. Schematic overview of green synthesis process, characterization, and experimental procedures 
conducted in this study is shown in Fig. 1. The synthesis procedure involved the addition of 0.1 M FeCl3.6H2O 
to the cell-free supernatant of Pseudomonas fluorescens, resulting in a visible color shift from yellow to dark 
reddish brown, as depicted in Fig.  2A. The observed color change provides clear evidence of the significant 
reduction capacity exhibited by the supernatant of Pseudomonas fluorescens, which consequently results in 
the formation of iron-based nanoparticles. Previous studies have demonstrated that microorganisms exhibit 

Fig. 2.  (A) Color changing during synthesis of Fe2O3NPs; (B) Synthesis mechanism of Fe2O3NPs.

 

Fig. 1.  Schematic overview of green synthesis process, characterization, and experimental procedures.
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the capability to reduce metal ions by employing a diverse array of enzymes11,13,32,33. In addition to enzymes, 
extracellular polysaccharides, proteins, peptides, cofactors, and other organic compounds play pivotal roles in the 
biosynthesis process, functioning as essential stabilizing, capping, and reducing agents7. The production of metal 
nanoparticles by microorganisms plays a crucial role in alleviating the detrimental effects of metal ions present 
in the microbial growth environment. Through biological reduction processes, microorganisms enzymatically 
transform toxic metal ions into less harmful metal species using reductase and/or nitrate reductase enzymes, 
along with specific NADH assistance. Moreover, the presence of certain polysaccharides and organic compounds, 
generated by microorganisms both intracellularly and in the growth medium, facilitates the generation of metal 
nanoparticles. These organic substances contain functional groups such as cysteine, histidine, aldehydes, and 
ketones, which are influential in the reduction of metal ions to yield metal nanoparticles11,13,32. A schematic 
representation illustrating the green synthesis mechanism of Fe2O3NPs is depicted in Fig.  2B. To effectively 
characterize the synthesized nanoparticles, a variety of analytical techniques including UV–vis spectroscopy, 
XRD, FTIR, FESEM, EDX, TEM, BET, and VSM were utilized.

UV–visible spectroscopy
The analysis of UV–vis spectra, commonly conducted in the wavelength span of 190–700 nm, plays a vital 
role in the identification of substances. Figure 3A displays the UV–vis spectra of the synthesized Fe2O3NPs. 
The synthesis of Fe2O3NPs is typically associated with a wavelength range of 320–420 nm34. Hence, the peak 
observed at 365 nm was ascribed to the surface plasmon resonance of iron nanoparticles.

XRD analysis
XRD is a versatile analytical technique that is widely used for the structural analysis of materials, including 
magnetic nanoparticles35. In the current study, XRD was employed to examine the structural attributes of the 
fabricated Fe2O3NPs. The XRD assessment conducted in this research revealed prominent diffraction patterns 
at distinct 2θ values spanning from 20 to 80 degrees. Prominent peaks were detected at angular positions of 
24.13°, 33.15°, 35.61°, 40.85°, 49.48°, 54.09°, 62.45° and 63.99°, corresponding to specific crystallographic planes 
indexed as (012), (104), (110), (113), (024), (116), (214) and (300) respectively (JCPDS card no: 00–033-0664) 
(Fig. 3B). Furthermore, the material was confirmed to exhibit an rhombohedral crystal system36. The discerned 
peaks in the XRD analysis signify the successful synthesis of Fe2O3NPs utilizing the cell-free supernatant of 
Pseudomonas fluorescens, a process that facilitated the conversion of iron ions into iron atoms. The crystal size of 
the synthesized Fe2O3NPs, derived from Scherrer’s equation, was measured to be 22.73 nm.

FTIR spectroscopy
The FTIR spectroscopy analysis of the synthesized Fe2O3NPs exhibited distinct spectral peaks across the range of 
4000 to 400 cm−1, indicative of specific functional groups likely derived from compounds present in the bacterial 
cell-free supernatant utilized during the synthesis process. Notable peaks were observed at 3924.41  cm−1, 
3777.44 cm−1, 3708.62 cm−1, 3427.69 cm−1, 2923.43 cm−1, 2855.9 cm−1, 2305.31 cm−1, 1740.36 cm−1, 1620.71 cm−1, 
1373.62 cm−1, 1036.78 cm−1, 595.67 cm−1, and 495.04 cm−1 (Fig. 3C).

The spectral bands within the range of 3400–4000  cm−1 can be attributed to the stretching vibrations 
of hydroxyl (OH) and amine (NH) functional groups commonly found in phenolic, alcoholic, or amino 
compounds present in the bacterial cell-free supernatant37. These functional groups play a critical role in 
stabilizing nanoparticles by forming hydrogen bonds or electrostatic interactions with nanoparticle surfaces, 
thereby reducing agglomeration and enhancing the dispersion of Fe2O3NPs in the solution38–40. Conversely, 
the region spanning 2800–3000  cm−1 corresponds to the stretching vibrations of CH groups in alkenes41, 
which may contribute to stabilization by establishing a steric barrier around the nanoparticles, thus preventing 
further aggregation39. Moreover, the spectral range of 2000–2400  cm-1 indicates the presence of triple bond 
linkages between carbon–carbon (CC) and carbon–nitrogen (CN) bonds42, suggesting the involvement of 
functionalized organic moieties that may enhance binding affinity toward iron ions, facilitating their interaction 
during nanoparticle formation39,40. The spectral wavelengths between 1600–1800  cm−1 signify the presence 
of carboxylic acid (C–O) and amide (C=O) groups in proteins41,43, which can stabilize nanoparticles through 
coordination chemistry, allowing these groups to form direct chemical bonds with the iron oxide surface. 
Furthermore, the spectral features within the range of 1300–1400 cm-1 are indicative of methyl (CH3) functional 
groups44,45, further supporting the hypothesis that organic molecules significantly contribute to the coating and 
stabilization of the nanoparticles38,46. The region of 1000–1200 cm−1 is associated with the C–O–C functional 
group47, suggesting the presence of ether functionalities that may further enhance the structural integrity of the 
nanoparticle coating. Finally, the spectral range of 496.04–596.67 cm−1 provides evidence of bond formation 
between iron and oxygen within the analyzed nanoparticles44. The establishment of these iron-oxygen bonds 
is crucial for the structural framework of Fe2O3NPs, reinforcing the stability imparted by the aforementioned 
organic functional groups48.

The functional groups identified in our FTIR analysis highlight their potential roles in stabilizing the 
synthesized Fe2O3NPs. The stabilization mechanisms are attributed not only to steric hindrance and electrostatic 
interactions but also to specific chemical bonding between the functional groups and the nanoparticle surfaces. 
These interactions likely play a significant role in the overall synthesis process, promoting the formation and 
stability of Fe2O3NPs in the medium during synthesis38,39,46,48.

SEM–EDX analysis
SEM and EDX are fundamental analytical techniques widely employed across various scientific disciplines, 
particularly in materials science research. SEM functions as a high-resolution imaging method, utilizing an 
electron beam to scan a sample’s surface and generate detailed images that reveal the sample’s topography. This 
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Fig. 3.  Synthesized Fe2O3NPs characterization, (A) UV–Visible spectra of Pseudomonas fluorescens cell-free 
supernatant, (B) XRD pattern, (C) FTIR spectroscopy, (D) SEM image, (E) Size distribution histograms of 
Fe2O3NPs derived from SEM images data, (F) EDX analysis, (G) TEM image, (H) Size distribution histograms 
of Fe2O3NPs derived from TEM images data, (I) N2 adsorption/desorption isotherms, (J) BJH pore size 
distributions plot of Fe2O3NPs, (K) VSM analysis.
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technique enables the examination of a material’s surface at high magnification levels, offering valuable insights 
into its structure, morphology, and composition. On the other hand, EDX is utilized for elemental analysis, 
utilizing the X-rays emitted by a sample when bombarded with electrons to identify and quantify the elements 
present. The combined use of SEM and EDX provides essential data on the properties and characteristics of 
diverse materials, making them indispensable tools in scientific investigations49. The SEM images depicted the 
presence of spherical nanoparticles with smooth surfaces (Fig. 3D). The size distribution assessment revealed that 
the average size of the synthesized nanoparticles was 20.43 ± 5.38 nm, as detailed in Table 1. Notably, particles 

Figure 3.  (continued)
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within the 18–20 nm diameter range constituted a higher percentage (16.5%) in the particle size distribution plot, 
illustrated in Fig. 3E. Furthermore, EDX analysis of the synthesized Fe2O3NPs exhibited iron absorption peaks 
at 0.7, 6.4, and 7 keV, collectively constituting 89.5% of the sample composition. Additional absorptions were 
observed at 0.5 and 1 keV, corresponding to oxygen (10.2%) and sodium (0.3%) content, respectively (Fig. 3F).

Figure 3.  (continued)
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TEM analysis
TEM is a powerful tool for evaluating nanoparticles at the nanoscale. This technique enables researchers to obtain 
high-resolution images of the internal structure and morphology of nanoparticles by directing an electron beam 
through a thin specimen. TEM allows for detailed analysis of particle size, shape, and distribution with precision 
at resolutions of a few angstroms. Such detailed examinations provide valuable insights into the physical 
characteristics of nanoparticles, aiding in their comprehensive characterization and advancing knowledge of 
their properties for applications in nanotechnology and materials science49. TEM image depicted in Fig. 3G 
showcases the synthesized Fe2O3NPs characterized by a consistent size distribution and a spherical structure. 
Through the utilization of Image J software, the diameters of the nanoparticles were carefully examined by 
converting the pixel measurements taken from the TEM images into nanometers following image calibration. 
The comprehensive analysis definitively verified that the synthesized Fe2O3NPs fell within the nanoscale 
category, displaying dimensions ranging from 7 to 37 nm, with an average diameter of 24.32 ± 5.03 nm (Table 2). 
The examination of the size distribution revealed that particles measuring between 25 and 27 nm demonstrated 
a significant presence, accounting for 18.64% of the particle size distribution histogram (Fig. 3H).

BET analysis
Figure 3I displays the nitrogen (N₂) adsorption and desorption isotherms for Fe2O3NPs. According to IUPAC 
classification, the observed adsorption–desorption curves are characteristic of a Type I isotherm with a Type 
H4 hysteresis loop. The reversible Type I isotherm is concave to the p/p° axis, with the adsorption approach 

Figure 3.  (continued)

Size distribution (nm) Frequency (%)

9.12 – 10.95 1

10.95 – 12.78 3.5

12.78 – 14.61 6.5

14.61 – 16.44 12

16.44 – 18.27 14

18.27 – 20.10 16.5

20.10 – 21.93 15.5

21.93 – 23.76 10.5

23.76 – 25.59 6.5

25.59 – 27.42 1.5

27.42 – 29.25 4.5

29.25 – 31.08 3.5

31.08 – 32.91 1.5

32.91 – 34.74 1

34.74 – 36.56 0.5

36.56 – 38.39 0.5

38.39 – 40.22 0.5

40.22 – 42.05 0.5

Table 1.  Size distribution of Fe2O3NPs determined using SEM images data.
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to a limiting value as p/p° approaches 1. Such Type I isotherms are typical of microporous solids that exhibit 
relatively small external surface areas, including materials like activated carbons, molecular sieve zeolites, 
and certain porous oxides. Here, the limiting uptake is dictated by the volume of accessible micropores rather 
than by the internal surface area. The presence of the Type H4 hysteresis loop is often associated with narrow, 
slit-like pores. However, in this instance, the Type I isotherm suggests the presence of microporosity50,51. The 
pore size distributions of the samples were analyzed using the Barrett, Joyner, and Halenda (BJH) method, as 
illustrated in Fig. 3J The results from the BET and BJH analyses indicate that the mesoporous Fe2O3NPs have a 
BET specific surface area of 271.4 m2 g-1, an average pore diameter of 2.47 nm, and a BJH pore volume of 0.0952 
cm3 g-1. Following the IUPAC nomenclature, nanopores can be classified into three categories: micropores (pore 
sizes < 2 nm), mesopores (2 nm < pore sizes < 50 nm), and macropores (pore sizes > 50 nm). Given the average 
pore diameter of 2.47 nm observed in this study, the Fe2O3NPs can be classified as mesoporous, with values very 
close to the micropores range52.

VSM analysis
VSM apparatus are employed for the assessment of the magnetic characteristics of substances relative to 
magnetic field intensity, temperature variations, and temporal factors. These systems are optimally designed 
for applications in research and development, as well as for conducting production assessments, ensuring 
quality standards, and facilitating process monitoring35 The examination of VSM test outcomes indicated that 
Fe2O3NPs, fabricated utilizing cell-free supernatant from Pseudomonas fluorescens, showcased the maximum 
saturated magnetization, measuring 1.79214 emu g-1. Moreover, these nanoparticles demonstrated the most 
elevated hysteresis values, suggesting superior magnetic characteristics. Graph analysis depicted that subsequent 
to the cessation of the external magnetic field, the nanoparticles sustained their magnetic attributes, verifying a 
cohesive alignment between forward and reverse currents (Fig. 3K).

Antibacterial assays
The antimicrobial efficacy of Fe2O3NPs derived from Pseudomonas fluorescens was assessed against S. enterica, 
E. coli, and S. aureus, which are recognized as significant human pathogens. These microorganisms are 
commonly associated with food and medical contexts, representing notable risks for food poisoning and various 
infections53–55. E. coli is primarily linked to gastrointestinal infections, while S. aureus is associated with a range 
of skin infections. Additionally, S. enterica is a major contributor to foodborne illnesses. Testing our Fe2O3NPs 
against these strains underscores their potential for therapeutic applications in treating clinically relevant 
infections. Furthermore, we included P. syringae, a well-known plant pathogen capable of epiphytic growth on 
various plants56, to assess the antimicrobial efficacy of our nanoparticles for using in agricultural contexts. This 
approach allows us to assess the effectiveness of Fe2O3NPs in enhancing crop disease management, thereby 
demonstrating the broader applicability of these nanoparticles.

Following a 24 h incubation period, the synthesized Fe2O3NPs demonstrated significant antimicrobial activity 
against all tested microbial pathogens, with efficacy varying among species (P < 0.05) (Table 3). The presence of 
Fe2O3NPs resulted in distinct zones of inhibition, indicating effective suppression of bacterial growth. The size 
of these inhibition zones varied with nanoparticle concentration, establishing a dose-dependent relationship57,58 
(Fig.  4A–D). Notably, the smallest inhibition zone was observed at a concentration of 200  μg mL-1, while a 
concentration of 400 μg mL-1 exhibited enhanced antibacterial efficacy across all tested bacteria compared to the 
negative control. Specifically, P. syringae and S. aureus showed substantial growth suppression, with inhibition 
zone diameters of 8.35 ± 0.103 mm and 8.31 ± 0.128 mm, respectively, at the 400 μg mL-1 concentration (Fig. 4E). 
In contrast, E. coli exhibited the least inhibition zone (6.31 ± 0.112  mm). The variations in inhibition zone 
sizes among bacterial species can be attributed to differences in cell membrane structure59. The antibacterial 
effectiveness of metal oxide nanoparticles is influenced by factors such as concentration, size, distribution, and 

Size distribution (nm) Frequency (%)

7.16—8.84 1.69

15.57 – 17.25 3.38

17.25 – 18.93 10.16

18.93 – 20.61 6.77

20.61 – 22.29 11.86

22.29 -23.97 11.86

23.97 -25.65 10.16

25.65 – 27.33 18.64

27.33 – 29.05 10.16

29.01 – 30.69 8.47

30.69 – 32.37 1.69

32.37 – 34.05 1.69

34.05 – 35.73 1.69

35.73 -37.41 1.69

Table 2.  Size distribution of Fe2O3NPs determined using TEM images data.
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agglomeration. Higher concentrations of nanoparticle suspensions can enhance antibacterial activity due to 
increased specific surface area57,60,61. Additionally, the susceptibility of bacteria to oxide nanoparticles is affected 
by synthesis parameters, bacterial cell wall structure, and interactions with bacterial cells62. The small size 
and high surface area-to-volume ratio of synthesized nanoparticles facilitate improved contact with microbial 
cells, enhancing their ability to penetrate membrane barriers and disrupt physiological functions40,63. Research 
indicates that the negatively charged components of bacterial membranes, such as amino acids and phosphates, 
attract the slightly positively charged Fe2O3NPs, promoting their attachment and internalization. Once inside 
the cell, Fe2O3NPs compromise plasma membrane integrity, leading to the depletion of intracellular ATP and 
disruption of cellular respiration. Furthermore, interactions between Fe2O3NPs with DNA and lipids, can impair 
cellular nucleic acids and proteins, ultimately resulting in cell death40,64.

Fig. 4F illustrates the primary mechanisms of bacterial damage induced by Fe2O3NPs. These nanoparticles, 
as antimicrobial agents, exhibit diverse modes of action, often operating concurrently. Studies have shown that 
iron oxide nanoparticles can trigger various cellular responses, including the release of lactate dehydrogenase 
from cell membranes, chromosome condensation, and the production of reactive oxygen species (ROS) such as 
hydroxyl radicals, superoxide anions, hydrogen peroxide, and singlet oxygen40,57. These reactive species disrupt 
respiratory chains and disturb the balance between oxidative stress and the cellular antioxidant defense system, 
leading to lipid peroxidation, enzyme oxidation, DNA damage, and ultimately, cellular death65,66. Additionally, 
nanoparticles can interfere with the development of microfilaments and the cellular actin network, resulting in 
altered cellular morphology63.

Iron oxide nanoparticles have also been observed to oxidize cell membranes, produce surface bubbles, and 
disrupt plasma membrane selectivity. The level of cellular toxicity varies across different organisms. Overall, 
the antimicrobial mechanisms of Fe2O3NPs derived from P. fluorescens include cellular membrane damage, 
ribosomal disassembly, enzyme inactivation, protein denaturation, and disruption of the electron transport 
chain. The interplay of nanoparticle size and electrostatic interactions leads to significant alterations in 
microbial physiological properties, impairing permeability and respiration. Variations in cell wall composition 
and thickness among microbial species may account for the observed discrepancies in inhibition zones. These 
findings underscore the potential of synthesized Fe2O3NPs as effective antimicrobial agents against multidrug-
resistant pathogens due to their favorable physicochemical properties and modes of action.

Antifungal assays
The fungi A. niger, M. fructigena, B. cinerea, and P. expansum, which are economically significant pathogens 
associated with food spoilage and crop diseases67,68, were selected as model organisms to investigate the 
antifungal activities of synthesized Fe2O3NPs. This selection allows for a comprehensive evaluation of the 
antifungal properties of Fe2O3NPs, particularly for their application in agricultural and food preservation 
settings. The analysis of variance demonstrated a significant influence of varying concentrations of Fe2O3NPs on 
the growth rate of fungi (P ≤ 0.05), as outlined in Table 3. With increasing nanoparticle concentrations, there was 
a corresponding rise in the inhibitory impact on fungal growth (Fig. 5A–D). The control treatments displayed 
the highest growth rate at the end of the experiment (day 4), while the lowest growth rate, indicating the most 
significant inhibition, was linked to a concentration of 1000 μg mL-1 of Fe2O3NPs. Consequently, the growth rates 
of A. niger, M. fructigena, B. cinerea, and P. expansum decreased by 90.4%, 71.1%, 68.8%, and 84.2%, respectively, 
in comparison to the control treatments (Fig.  5E). Research has highlighted the potential for membrane 
impairment arising from direct or electrostatic interactions between Fe2O3NPs and cell surfaces, internalization 
of nanoparticles within cells, and the generation of ROS like H2O2 attributable to metal oxides. Fe2O3NPs exhibit 
an elevated surface-to-volume ratio, which enables robust adherence to the fungal cell surface and facilitates 
direct penetration into the cell to disrupt the cell wall57. The deactivation of fungi by Fe2O3NPs involves a direct 
engagement with cell surfaces, inducing changes in membrane permeability that trigger oxidative stress within 
fungal cells. This stress hinders cell proliferation, culminating in cellular death. Mechanisms underlying the 
infliction of damage to fungal cells include the initiation of ROS, instigating lipid peroxidation, adsorption 
embedment resulting in cell wall and membrane rupture, formation of pits and pores, leakage of DNA and 
organelles, ion liberation, DNA intercalation causing condensation and fragmentation, alterations in gene 
expression, release of cytochrome C from mitochondria prompting apoptosis, depolymerization of ribosomes, 
and binding to extracellular polymeric substances to impede biofilm formation28,57,69. Figure 5F illustrates the 
main ways in which fungal cells are harmed when exposed to Fe2O3NPs.

Parameters df Mean Square (MS) F—Value Parameters df Mean Square (MS) F—Value

FeNPs treatments (A) 3 2058.482* 9770.9870 FeNPs treatments (A) 3 35.612* 2559.2045

Bacteria (B) 3 4.538* 21.5419 Fungi (B) 5 47.692* 3427.2834

A × B 9 6.877* 32.6432 A × B 15 3.012* 216.4332

Error 32 0.211 – Error 48 0.014 –

Coefficient of variation (%) – 4.04 – Coefficient of variation (%) – 3.06 –

Table 3.  Analysis of variance (ANOVA) for the Fe2O3NPs antibacterial and antifungal activities. * represents 
significance at P ≤ 0.05.
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Dye degradation (photocatalytic activity)
The photocatalytic activity of the synthesized Fe2O3NPs was evaluated by investigating the degradation of methyl 
violet (MV), methyl orange (MO), and methylene blue (MB) as model pollutants under ultraviolet radiation. 
Analysis of the UV–Vis spectra for the decolorization of these dyes revealed the respective maximum absorption 
wavelengths (λmax) within the reaction mixture to be 584 nm, 464 nm, and 664 nm, accompanied by a gradual 

Fig. 4.  Antibacterial activity of Fe2O3NPs against, (A) Pseudomonas syringae, (B) Salmonella enterica, (C) 
Escherichia coli, (D) Staphylococcus aureus; (E) Fe2O3NPs different concentrations impact on studied bacteria; 
(F) Antibacterial mechanism of Fe2O3NPs.

 

Scientific Reports |         (2025) 15:1018 11| https://doi.org/10.1038/s41598-024-84974-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


decrease in absorption intensity for MV, MO, and MB, respectively (Fig. 6A–C). The presence of Fe2O3NPs as 
a photocatalyst accelerated the degradation of MV, MO, and MB significantly with increasing reaction time, 
indicating a noticeable trend of color disappearance over time (Fig. 6A-C). The highest rate of dye degradation 
facilitated by Fe2O3NPs was achieved at the end of the experiment (after 1680 min), reaching 89.93%, 84.81%, 
and 79.71% for MV, MO, and MB, respectively (Fig. 6D). These results highlight the effectiveness of synthesized 
Fe2O3NPs in efficiently eliminating of the evaluated organic dyes from aqueous solutions. Fe2O3NPs have 
demonstrated considerable potential in the degradation of dyes through their photocatalytic activity70,71. Upon 
exposure to light, these nanoparticles generate ROS, notably hydroxyl radicals, which play a pivotal role in 
oxidizing and breaking down organic dye molecules, thereby facilitating their degradation. Moreover, Fe2O3NPs 
possess the capability to act as both electron acceptors and donors in redox reactions, further augmenting 
their effectiveness in the degradation of dyes72. With their high surface area and reactivity, Fe2O3NPs exhibit 
proficiency in adsorbing dye molecules, thereby enhancing the degradation process. Furthermore, their 
magnetic properties enable straightforward separation from the reaction mixture post-degradation, promoting 
their potential for reuse and practical application in the realms of wastewater treatment and environmental 
remediation. The diverse properties of Fe2O3NPs, encompassing photocatalytic activity, redox functionalities, 
efficient dye adsorption, and magnetic behavior, position them as versatile and potent catalysts in the context 
of dye degradation processes. This multifaceted nature underscores their promise in advancing environmental 
sustainability efforts and combating pollution effectively26,30,73. The visual representation of the potential 
mechanism underlying the photocatalytic activity of synthesized Fe2O3NPs is depicted in Fig. 6E

Antioxidant assays
The antioxidant potential of the synthesized Fe2O3NPs was assessed by means of the DPPH free radical scavenger 
activity assay. In this assay, the efficacy of the antioxidant in reducing the purple DPPH radical to produce stable 
yellow DPPH molecules was studied, indicating a hydrogen atom transfer mechanism. Notably, the analysis 
of variance (ANOVA) revealed a significant antioxidant effect attributable to the Fe2O3NPs (Table 4). The 
Fe2O3NPs displayed remarkable antioxidant activity, with a recorded value of 8.45 ± 0.59 μg mL-1, surpassing 
the performance of ascorbic acid which exhibited an IC50 value of 25.19 ± 2.51 μg mL-1 (Fig. 7A). The IC50 
index analysis clearly indicates that the efficacy of the nanoparticles investigated far surpasses that of ascorbic 
acid, which is regarded as a standard natural antioxidant. This conclusion is supported by the nanoparticles’ 
capacity to scavenge 50% of DPPH radicals at a significantly lower concentration. This observation implies 
that distinctive antioxidant components present in the nanoparticles efficiently combat free radicals, such as 
DPPH, which contain a nitrogen center capable of accepting hydrogen radicals or electrons. Upon reduction of 
the DPPH radical to its non-radical form, the dark purple DPPH solution underwent a transition to the light 
purple (Fig. 7B). The absorption associated with this reduction process was measured at 516 nm, indicative of 

Figure 4.  (continued)
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a robust antioxidant potential74. Recent research efforts have extensively explored the antioxidant properties 
of nanoparticles, particularly focusing on environmentally sustainable variants known for their enhanced 
antioxidant capabilities74,75. The antioxidant activity of nanoparticles relates to their capability to provide 
hydrogen atoms and unpaired electrons to the medium containing DPPH, thereby effectively neutralizing the 

Fig. 5.  Antifungal activity of Fe2O3NPs against (A) Aspergillus niger, (B) Monilinia fructigena, (C) Botrytis 
cinerea, (D) Penicillium expansum; (E) Fe2O3NPs different concentrations impact on studied fungi; (F) 
Antifungal mechanism of Fe2O3NPs.
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target compound75. The potential mechanism by which Fe2O3NPs exert antioxidant activity is illustrated in 
Fig. 7C.

Materials and methods
Bacterial solution preparation
The Pseudomonas fluorescens was obtained from the microbial repository of the Soil Science Department at 
Urmia University and was reactivated on solid nutrient agar (NA) medium. Following an incubation period of 
48 h, a loopful of the fresh bacterial culture was transferred to an Erlenmeyer flask containing nutrient broth 
(NB) medium. The flask was agitated on a shaker at 120 rpm for 24 h while being maintained at a temperature 
of 28 °C.

The bacterial population in the culture medium was quantified by measuring the optical density at 600 nm 
(OD600), which corresponds to a concentration of 2.01 × 109 bacterial cells per mL of solution76. To convert the 
OD600 values into bacterial cell concentrations, the calibration protocol developed by Tennant and Rutten76 was 
used76, which provides guidelines for translating optical density readings into colony-forming units (CFUs). 
Subsequent to this process, the bacterial suspension was centrifuged at 8000 rpm for 20 min, and the resulting 
supernatant was utilized for the synthesis of iron nanoparticles.

Iron-nanoparticles biosynthesis
Iron nanoparticles were synthesized using a modified method outlined in prior studies36,77. The supernatant of 
Pseudomonas fluorescens bacterial solution, with a volume ratio of 1:1, was combined with an aqueous solution 
of 0.1 M FeCl3.6H2O. The resulting mixture was then incubated at 25 °C and stirred at 80 rpm in darkness for 
24 h. The change in color of the solution from yellow to dark reddish brown indicated the initiation of iron 
nanoparticle synthesis78. Subsequently, the pH of the sample was adjusted to 7 using 0.1 M sodium hydroxide 
(NaOH). After 4 h of sonication in a water bath at 80 °C, the samples were washed with 70% ethanol and distilled 
water (DW) before being dried at 70 °C.

Synthesized iron oxide nanoparticles characteristics
The synthesized Fe2O3NPs were thoroughly dried, and a small amount of the sample was mounted on carbon tape 
and coated with gold through sputtering. Morphological assessment, including the analysis of sizes and structures 
of these nanoparticles, was conducted using a field- FESEM from ZEISS, the SIGMA VP model manufactured in 
Germany. This instrument was equipped with EDX sensors from Oxford Instruments, UK, to facilitate detailed 
compositional analysis57. TEM analyses were performed to assess the dimensions, shape, crystalline structure, 
and dispersion characteristics of the synthesized Fe2O3NPs. A drop of the liquid sample solution was placed 
on the surface of formvar-coated copper grids to prepare the samples for analysis. The specimens were then 
examined using a TEM device79, the Philips BioTwin model from the Netherlands, with electron micrographs 
captured at an accelerating voltage of 75  kV. The dimensions of nanoparticles were ascertained using TEM 
and SEM imaging with the assistance of Image J software (version ij154), and the resultant histograms were 
generated using Past 4.03 software.

The crystal structure of Fe2O3NPs was investigated using XRD with the X’Pert PRO MRD instrument from 
PANalytical BV, Netherlands. The nanoparticles were placed on a cavity slide, and a smooth surface was created 

Figure 5.  (continued)
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Fig. 6.  Photocatalytic activity of Fe2O3NPs, color change and UV–vis spectra of (A) methyl violet, (B) methyl 
orang, (C) methylene blue in different times; (D) degradation rate of organic dyes; (E) Schematic diagram of 
Fe2O3NPs photocatalytic activity mechanism.
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Figure 6.  (continued)

IC50 DPPH (μg/ml) df Mean Square (MS) F- Value

Treatment 1 420.341*** 126.947

Error 4 3.311

Coefficient of variation (%) 10.82

Table 4.  Analysis of variance (ANOVA) for DPPH IC50. *** represents significance at P ≤ 0.001.
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by pressing65. XRD measurements were recorded over a 2θ range of 20 to 80 degrees. The crystalline dimensions 
of the Fe2O3NPs were determined using Scherrer’s formula (Eq. 1), which is articulated as80:

	
D = Kλ

BCosθ
� (1)

Here, D signifies the crystal size, K is a constant, λ represents the X-ray wavelength, θ is the diffraction angle, and 
B is a factor associated with the broadening of peaks in the X-ray diffraction pattern.

For the preparation of FTIR samples, Fe2O3NPs were first dried in thermostatically controlled desiccators to 
eliminate any moisture. The dried NPs were then finely crushed and mixed with potassium bromide. This mixture 
was compacted into a pellet using a hydraulic press65,81. The resulting pellets were subsequently analyzed using 
FTIR spectroscopy with a PerkinElmer Spectrum Two spectrometer from PerkinElmer Instruments, United 
States. FTIR spectra were recorded by scanning the samples over a wavenumber range of 400 to 4000 cm-1 to 

Fig. 7.  (A) IC50 value of Fe2O3NPs and ascorbic acid; (B) Color change of DPPH in presence of Fe2O3NPs 
different concentrations; (C) Schematic diagram of Fe2O3NPs antioxidant activity mechanism.
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identify the functional groups present on the Fe2O3NPs. UV–Vis spectroscopy was carried out using a UV–Vis 
spectrophotometer, specifically the Dynamica HALO DB-20, United Kingdom, encompassing wavelengths from 
190 to 700 nm.

The evaluation of surface area and porosity of Fe2O3NPs was carried out using BET technique. This assessment 
was conducted using the Belsorp Mini II instrument, manufactured by BEL JAPAN, INC., located in Hirakata, 
Japan. Before measuring surface area, samples were degassed in glass cells by heating them in a vacuum for 16 h 
to eliminate water and contaminants, thereby ensuring the complete removal of unwanted gases. Following 
the degassing process, the sample cell was transferred to the analysis port and cooled with liquid nitrogen to 
maintain a low temperature, which is crucial for enhancing interactions between the gas molecules and the 
sample surface, thus facilitating effective adsorption measurements. Nitrogen gas was then injected into the 
cell using a calibrated piston. To ensure accuracy, the dead volume of the cell was calibrated before and after 
each measurement using helium, which does not adsorb onto the sample. Once nitrogen was introduced, the 
adsorption isotherm was generated, allowing for the calculation of the specific surface area of the sample using 
the BET equation82.

The magnetic characteristics of the synthesized particles were evaluated employing a VSM Model LBKFB 
from Meghnatis Daghigh Kavir Company. Iran, under a magnetic field intensity of 8000 G at room temperature83.

Antimicrobial assays
Antibacterial activity
Bacteria were obtained from the microbiological bank of the Veterinary Medicine Faculty at Urmia University. 
The Kirby-Bauer disc diffusion method was employed for investigating the antibacterial effectiveness of 
synthesized Fe2O3NPs against four bacteria, including Pseudomonas syringae, Escherichia coli, Salmonella 
enterica, and Staphylococcus aureus84. For the preparation of the growth medium, 28 g of NA were dissolved in 
1000 mL of DW and sterilized in an autoclave at 121 °C for 20 min. The sterilized solution was then dispensed 
into Petri dishes. A bacterial colony was aseptically transferred using a loop, suspended in 10 mL of physiological 
saline, and adjusted to a half McFarland concentration (OD600 = 0.08–0.13). Sterile disks were saturated with 
varying concentrations (0, 200, 400 μg mL-1) of Fe2O3NPs and placed individually on the agar plates inoculated 
with the bacteria80. Subsequently, the plates were incubated at 37 °C for 24 h. The zone of inhibition surrounding 
the discs, which signifies bacterial growth suppression, was measured using a digital caliper (Carbon model, 
China). In the experimental setup, the positive control consisted of tetracycline at a concentration of 400 μg 
mL-1, whereas DW was employed as the negative control.

Antifungal activity
The fungi, including Aspergillus niger, Monilinia fructigena, Botrytis cinerea, and Penicillium expansum, 
were obtained from the microbiological bank of the Plant Protection Department at Urmia University. The 
antifungal properties of synthesized iron oxide nanoparticles were evaluated using the pour plate method85. 
The experiment was initiated by dissolving 39.1 g of potato dextrose agar (PDA) culture medium in 1000 mL 
of DW, followed by sterilization at 121 °C for 20 min. After sterilization, the culture medium was divided into 
six segments, each containing different concentrations of synthesized Fe2O3NPs (0 (control), 100, 250, 500, 750, 
and 1000 μg mL-1)86. The culture media were thoroughly mixed to ensure uniformity before being dispensed 
into petri dishes. Once the PDA media had cooled completely, 5-mm loops containing the fungi of interest were 
carefully placed at the center of the culture medium in the petri dishes. The petri dishes were then placed in a 
controlled laboratory environment under a hood and incubated for 4 days at room temperature. At the end of 
the incubation period, the colony diameters of the fungi were precisely measured using a digital caliper (Carbon 
model, China) to evaluate the impact of the iron oxide nanoparticles on fungal growth.

Dye degradation (Photocatalytic activity)
The previous stablished procedure with a little modification were used for photocatalytic activity87. MV, MO, and 
MB dyes were used for this study. Initially, 0.2 mg of each dye was dissolved in 20 mL of DW, followed by the 
addition of 10 mg of Fe2O3NPs into the dye solution. The resulting mixture underwent exposure to ultraviolet 
radiation at 30 W while being consistently agitated at 80 rpm. Samples were collected at various time intervals, 
and the degree of color alteration was assessed as the dye degradation efficiency using Eq. 280. To facilitate this 
evaluation, UV–vis spectra of the resulting solutions were recorded across the range of 300 to 700  nm. The 
efficacy of photodegradation and color removal (dye decomposition rate) were determined at the wavelengths 
corresponding to the peak absorption of MV (584 nm), MO (464 nm), and MB (665 nm), respectively.

	
Degradationrate (%) =

(
Xc − Xs

Xs

)
× 100� (2)

where, Xc and Xs represent the absorbance of MV, MO, or MB in the control and samples containing Fe2O3NPs.

Antioxidant properties of synthesized Fe2O3NPs
The assessment of the antioxidant activity’s IC50 was conducted using the DPPH method with slight modifications 
based on the methodology detailed in a previous study88. Initially, a stock solution was prepared by dispersing 
120 mg of nanoparticles in 10 mL of DW using a ultrasonic probe dispersion equipment for 5 min. Subsequently, 
a specific volume ranging from 166 to 500 μL (to achieve concentrations of 2, 3, 4, 5, and 6 mg mL-1 of Fe2O3NPs) 
of the prepared composite was transferred into a test tube and subsequently diluted to a final volume of 1 mL 
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using DW. Following this procedure, 2000 μL of a DPPH solution (0.004 g DPPH dissolved in 100 mL of 80% 
methanol) was added. The solutions were thoroughly mixed, incubated for 30 min at room temperature, and 
the absorbance was measured at the wavelength of 516 nm. The DPPH free radical scavenging percentage was 
calculated using following equation (Eq. 3)89:

	
DP P Hfreeradicalscavenging (%) =

(
(Abscontrol − Abssample)

Abs control

)
× 100� (3)

Following this, a graphical representation was constructed plotting the inhibition percentage of DPPH by the 
samples against the five distinct concentrations. Through the application of linear regression analysis, the IC50 
values, denoting the concentration at which 50% inhibition was observed, were ascertained. The resultant 
equation from the analytical process was determined to be y = 1.9305x + 34.387, accompanied by an R2 value of 
0.987, signifying a strong correlation between concentration and inhibition percentage.

Statistical analysis
The study experiments were conducted using factorial experiments based on completely randomized designs 
(CRD). The ANOVA statistical analysis of the data was conducted using the MSTAT-C software (version 4.1), 
with means comparison being executed through the Duncan’s multiple comparison test. Graphs were generated 
using Excel 2016 software.

Conclusion
Pseudomonas fluorescens has demonstrated promising capabilities for the extracellular synthesis of Fe2O3NPs. 
Multiple analytical techniques, including UV–Vis spectroscopy, XRD, FTIR, SEM, EDX, TEM, BET, and VSM 
analytical techniques were utilized to validate the characteristics of the nanoparticles. Examination through 
TEM revealed a spherical morphology, with the particle dimensions falling within the range of 7 to 37 nm. The 
mesoporous Fe2O3NPs exhibited a specific surface area of 271.4 m2 g-1, an average pore diameter of 2.47 nm, 
and a BJH pore volume of 0.0952 cm3 g-1 as determined by BET method. Additionally, the mean particle size, 
as assessed by XRD analysis, was calculated to be 22.73  nm. The assessment of the synthesized Fe2O3NPs 
demonstrated significant multifunctional properties, including antimicrobial, photocatalytic, and antioxidant 
activities. The Fe2O3NPs demonstrated potent inhibition of bacterial growth, with maximum inhibition zones 
ranging from 7.25 ± 0.102  mm to 8.35 ± 0.103  mm observed in key bacterial strains, including S. aureus, E. 
coli, S. enterica, and P. syringae, at a concentration of 400 μg mL-1. In the assessment of antifungal activity, the 
Fe2O3NPs exhibited inhibitory effects on the growth of all tested fungi across a concentration range of 100 to 
1000 μg mL-1. With escalating concentrations of Fe2O3NPs, the suppressive effect of the nanoparticles intensified 
correspondingly. The smallest colony diameters recorded in A. niger, M. fructigena, B. cinerea, and P. expansum 
were 0.73 ± 0.01 cm, 0.96 ± 0.05 cm, 2.86 ± 0.03 cm, and 1.3 ± 0.12 cm, respectively, at the highest concentration 
(1000 μg mL-1) of the synthesized nanoparticles. A significant aspect of these findings is that the nature of the 
produced nanoparticles suggests their potential application on solid surfaces in the textile and food packaging 
industries. Such applications could create sterile conditions and effectively inhibit the growth of bacteria and 
fungi. The findings revealed that Fe2O3NPs exhibited degradation efficiencies surpassing 89.93%, 84.81%, and 
79.71% against MV, MO, and MB, respectively. The notable photocatalytic efficacy of these iron nanoparticles 
against three prominent industrial dyes highlights their substantial potential, thereby necessitating in-depth 
exploration for potential practical applications. Moreover, the assessment of antioxidant activity demonstrated 
that Fe2O3NPs displayed a scavenging capacity of 50% towards the initial DPPH radicals at a concentration 
of 8.45 ± 0.59 μg mL-1, outperforming the antioxidant efficacy of ascorbic acid, which exhibited an IC50 value 
of 25.19 ± 2.51  μg mL-1. Iron oxide nanoparticles, particularly those that are environmentally friendly, hold 
significant potential for transforming various sectors through their versatile applications. They offer a range 
of advantages and show promise in addressing environmental contaminants and advancing healthcare and 
pharmaceutical fields. Understanding the biochemical and molecular mechanisms behind nanoparticle synthesis 
using cell-free supernatants of microorganisms is essential for achieving precise control over nanoparticle size. 
Further research is needed to enhance our knowledge and broaden the applications of these nanoparticles 
by refining synthesis processes and ensuring in-depth characterization. Standardized protocols for different 
methodologies are necessary to maximize nanoparticle efficacy. Furthermore, investigating the potential impacts 
of these nanoparticles on soil ecosystems and human health is crucial for ensuring their safe and sustainable 
deployment across industries to promote improved environmental stewardship.

Data availability
Upon request, the data will be made accessible. Contact with Corresponding authors.
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