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ABSTRACT
Manganese nanoparticles, produced via a co-precipitation method, show distinctive advantages over bulk materials due to their elevated surface-to-volume ratio, unique chemical properties, and diminutive size. This study reports the synthesis of Mn3O4 nanoparticles and characterizes them using X-ray diffraction (XRD), UV-Vis and Fourier transform infrared (FTIR) spectroscopy, confirming high crystallinity and distinctive Mn-O bonding features. The antibacterial activity of these nanoparticles was evaluated against pathogenic bacteria Escherichia coli and Enterococcus faecalis using the agar well diffusion method, exhibiting significant zones of inhibition and demonstrating strong antibacterial potential. The observed effects are attributed to the generation of reactive oxygen species (ROS), which impair microbial cell structures and highlight the promise of Mn3O4 nanoparticles in antimicrobial applications. With their chemical adaptability, biocompatibility, and ease of green synthesis, manganese nanoparticles offer future prospects in biomedicine, environmental sciences, and the fight against multidrug-resistant pathogens.
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INTRODUCTION
[bookmark: Experimental_Section:][bookmark: Materials:]Bacterial infections remain a major global concern, intensified by the growing threat of antibiotic resistance. Conventional drugs are becoming less effective, leading to an urgent demand for alternative strategies. Nanoparticles present a promising solution due to their high surface reactivity and unique antibacterial mechanisms, including ROS generation and membrane disruption. Metal and metal oxide nanoparticles can target a wide range of pathogens, offering an effective and innovative approach to combat multidrug-resistant bacteria and reduce dependence on antibiotics (Bag et. al., 2024). Manganese is an essential trace element which is important for biological organisms for the roles in metabolism, antioxidant defense etc. Its versatile chemical properties make it a key element in both the research and the industry. Manganese nanoparticles enhance the activity in many ways. It exhibits significant advantages over bulk materials with identical chemical compositions due to their elevated surface to volume ratio, diminutive size and distinctive physical and chemical properties. Manganese has, however, received less attention as a high-performance metal in a number of domains, such as biomedicine, biosensors, biochemistry and photoelectronic (Bag et al., 2023). The long-term potential of the Manganese based nano particles is enormous. In recent days there has been a strong demand for their synthesis and characterization. Synthetic methodologies to produce manganese nanoparticles in a conventional way are inexpensive, easy to make. Though Co-precipitation method is used to prepare the desired particle with maintained environmental aspects. The characterization is done by the X-ray diffraction method, Fourier transform infrared spectroscopy, UV-vis and the crystalline size is being measured by Debye- Scherrer equation (Roy et al., 2022). The effectiveness of the particle has been checked on the agar well diffusion method on microorganisms and also the green synthesis method can be a good fit for the upcoming research as it has been a lesser applied area of this particular element. Due to rapid increase of the multidrug resistant pathogens antibiotics today are becoming ineffective (Halder et al., 2024). Furthermore, the failure of established medical systems and the need to create alternatives to conventional antibiotics and medications are primarily being caused by the emergence of resistant bacterial strains and their propensity to build biofilms (Shakeel et al., 2025). Coliform bacteria, which are the most common variety among them, include Enterococcus faecalis (E. faecalis), sometimes referred to as enterococci, which are found in the gastrointestinal tract, and Escherichia coli (E. coli), which is a type of bacterium that usually inhabits the colon. Nearly 90% of bacterium-borne illnesses are caused by certain bacteria, which the Centers for Disease Control and Prevention (CDC) has identified as some of the most common pathogens (Zaragosa et al., 2024). Because of their high volume-to-surface ratio, advantageous functionality, easy synthesis routes, bioavailability, and penetrating capacity, all of which support improved loading of drugs and targeted delivery to particular sites, nanoparticles have become increasingly attractive options for antimicrobial treatment in the last ten years (Binjawhar et al., 2024). The scientific community is focused on creating novel, methodical, and sustainable methods for lowering antimicrobial resistance, extending drug retention and continuous drug release, improving chemical profiles, and preventing side effects resulting from drug buildup in healthy tissues, even though nanotechnology has been recognized as a novel therapeutic option (Diallo et al., 2021). Therefore, it has recently been demonstrated that stimulus-responsive nanoparticles are advantageous for focused drug delivery with the lowest dose and for preventing secondary risks (Philip Raja et al., 2022). Future scope of this element with green chemistry is also a prominent factor which is discussed later.
MATERIALS AND METHOD
Manganous Sulphate monohydrate (MnSO4.H2O), and Sodium Hydroxide (NaOH) were purchased from SRL Pvt Ltd. India, Escherichia coli DH5α (MTCC-1652), Enterococcus faecalis (MTCC- 441) were acquired from the Institute of Microbial Technology, Chandigarh, India. Nutrient Agar media and Broth were purchased from Hi Media Pvt. Ltd., India. The synthesis experiment and rinsing were done with the distilled water.
[bookmark: Synthesis_of_the_Mn3O4_nanoparticle:]Synthesis of the Mn3O4  nanoparticle:
Co-precipitation technique is used to prepare the desired Manganese nanoparticle and following chemicals such as, Manganous sulphate pentahydrate, Sodium hydroxide was being used. Distilled water was used as the main solvent for the synthesis of the nanoparticles. At first 0.03 M manganous sulphate or 3.042g was mixed with 600 ml of distilled water and it was being mixed thoroughly by a magnetic stirrer with a magnetic bead. The temperature was maintained at 60o C. Another 300 ml solution of 0.1 M Sodium hydroxide or 1.2 g was mixed with it. This solution of the Sodium Hydroxide was poured dropwise with same speed by the help of a burette for maintaining the good quality of the product. After the pH is reached at 10 the addition of the NaOH should be stopped. The whole process should be done by through mixing at 600-700 rpm and at the said temperature. Then additional 2 to 3 hours of vortex was needed and then the whole solution with the nanoparticle produced was rested for a day for better precipitation.
Centrifugation was done at 7800 rpm for 10 minutes and the process should be done three times with distilled water and with ethanol for the betterment of the nanoparticle’s isolation. The precipitate was then collected for drying at 70o C overnight. The dried nanoparticles are then powdered by the help of a sterile pestle and mortar. Calcination can be done at 350o C for 2 hours for better crystallinity but it is optional (Zhang et al., 2022).

Figure 1: Synthesis procedure for the Mn3O4 nanoparticles
For the agar well diffusion method to check the antibacterial activity of this particle a suspension with normal distilled water has been done. For these three different concentrations of 20 μg/ml, 50 μg/ml and 100 μg/ml suspension is prepared. Then they were added to the particular well of the agar plate.
[bookmark: Structural_studies:]Structural studies:
The XRD technique is used to examine the crystallographic conformity of the Mn nanoparticle by employing the D-8 advanced X-ray diffraction technique (Bruker, USA) at 35 kV and 35 mA external field with values ranging from 10o to 80o 2θ. A Cu-Kα target with a wavelength of 1.5418 nm was used to capture the diffractogram and the scanning speed was set at 0.5s per step. An effective and crucial method for comprehending the intricate atomic and molecular arrangement of crystalline substances, X-ray diffraction (XRD) is utilized extensively in both industry and scientific research (Ali et al., 2022). XRD takes use of the orderly organization of atoms in a crystal by shining an X-ray beam at a sample. Bragg's law states that X-rays scatter in precise directions when they impact the crystal surfaces at particular angles. This creates a distinct pattern of peaks or spots that acts as an identifier for the crystal structure of the substance (Srivastava et al., 2021). Scientists and engineers can ascertain the presence of specific crystal phases as well as lattice parameters such as crystallinity, and microstructural characteristics like grain size and orientation by closely examining these diffraction patterns (Wang et al., 2025). The synthesized Mn3O4 NPs are crystalline and the diffraction peaks are in line with the standard JCPDS card #24-0734.
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Figure 2: XRD patterns of Mn3O4 nanoparticle
The XRD graph of the particle showed five prominent peaks at the 2 which are respectively, 17.95o, 28.7o, 32.33o, 36.07o, 44.2o and 59.7o which correspond to the crystal planes (101), (112), (103), (211), (220) and (224) respectively. However, some small peaks at the crystal plane of (004) and (105) are also seen. The average crystallite size calculated for the Mn3O4 nano were calculated by the help of the Debye-Scherrer equation. 𝐃 = 𝐊𝛌/𝛃𝐂𝐨𝐬𝛉; where D indicates the crystallite size of the nano-particle, K is the Scherrer constant equal to 0.9, λ is the wavelength of diffraction of light used which is 1.54 Ao, β is the fwhm of the diffraction peaks and θ is the angle of deflection (EL-Moslamy et al., 2025). In which the particle size was 7 nm.
UV visibility analysis: 
A UV-Vis absorption spectrophotometer (UV-1800, Shimadzu Japan) and ultraviolet-visible spectroscopy were used to analyze the materials' optical characteristics. The absorption spectra's wavelength range was 190–1100 nm, and the UV-vis analysis's resolution was 1 nm. UV-Visible spectroscopy shows that the highest absorption peak is at 356 nm showing off the optical characteristics and possible uses of these nanoparticles (Mukherjee et al., 2025).
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Figure 3: UV visibility spectrum of Mn3O4 Nanoparticles
[bookmark: FTIR_analysis:]FTIR analysis:
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Figure 4: FTIR spectra of Mn3O4 nanoparticle
The Fourier transform infrared spectroscopy or FTIR spectroscopy show Mn-O stretch and MnO-Mn stretch at the peaks of 500 cm-1 and 623.15 cm-1 respectively. Absorption band at 1431.77 cm-1 showed a huge stretch of O-H bonding and a smaller stretch at 3426.52 cm-1 also showed the O-H bonding. This FTIR analyses helps in providing the molecular fingerprint for the Mn3O4 NPs which helps in understanding the molecular structure (Burlec et al., 2023). It also ensures that there is no contamination and the product maintain its purity for the further analytical usage (Tholkappiyan et al., 2018). The non-destructive nature of FTIR is one of the main reasons it is essential; the analysis can be carried out without causing any harm to the sample, which makes it very helpful for samples that need additional testing or for precious materials (Greenop et al., 2025).
[bookmark: Result_and_Discussion:]RESULTS AND DISCUSSION:
Antibacterial effect of Mn3O4 against the pathogenic E. coli and E. faecalis using Agar well diffusion method:
Three different concentrations of 20μg/ml, 50μg/ml and 100μg/ml suspension are prepared by the Mn nanoparticle by mixing the powdered form into distilled water and then the sonication is being done for around 40 minutes for the better suspension of the nanoparticles in the distilled water.
The two above mentioned microorganisms were inoculated the previous day for an overnight Nutrient broth culture medium inside a BOD incubator at 37oC. These culture of the Gram-positive
E. faecalis and Gram-negative E. coli then swabbed on the corresponding Nutrient Agar petri dish. After swabbing with the desired microorganism, the wells were being made by the cork borer with three well in equal distances. Then in each well 30μl of each of the suspension were being added and the plates were incubated for incubation for 24 hours.
After the incubation period, the nanoparticle suspension showed distinctive Zone of inhibition against the organisms. The Zone of Inhibitions (ZOI) were measured in mm and obtained data showed in a table accordance with the antibiotic discs. The clear region surrounding an antimicrobial agent (such as an antibiotic disc, plant extract, or nanoparticle sample) on an agar plate where bacterium cannot proliferate is known as the zone of inhibition (Hanif et al., 2024). It shows that the investigated material has antibacterial action against the bacterium under study and manifests as a circular, transparent area encircling the disc or well. The antibacterial impact is enhanced in a larger zone of inhibition. A smaller or nonexistent zone has little to no impact. Millimeters (mm) are frequently used to measure it in techniques like the Kirby-Bauer disk diffusion test (Hussain et al., 2024). The Mn3O4 nanoparticle showed significant antibacterial potential with ZOI= 22 of the 100μg/ml concentration against the E. coli and ZOI= 24 against the
E. faecalis. Although manganese-based nanoparticles have gained attention in recent years, their antibacterial activity remains comparatively less explored, warranting deeper investigation. The antibacterial mechanism of Mn3O4 nanoparticles is largely attributed to the generation of reactive oxygen species (ROS), which disrupt essential microbial functions. These ROS induce oxidative stress, leading to structural damage of the bacterial cell envelope, leakage of intracellular contents, and inhibition of vital metabolic pathways, ultimately preventing bacterial growth and survival (Verma et al., 2023).
Nanoparticle size also plays a critical role in antibacterial efficiency, as smaller particles possess a higher surface-to-volume ratio, enabling stronger interaction with microbial cells and enhanced ROS generation (Perachiselvi et al., 2020). This nanoscale advantage contributes significantly to their superior antimicrobial performance compared to bulk materials. Given these properties, Mn3O4 nanoparticles hold considerable potential for practical applications, particularly in the food packaging sector, where they could help prevent microbial contamination and extend shelf life. Additionally, their biocompatibility and strong antimicrobial action highlight their value in pharmaceutical formulations, wound dressings, and biomedical devices. Continued research and development could further optimize their performance and promote their integration into advanced antimicrobial technologies.
Table 1: Comparative study of the Mn3O4 Nano particles with their respective ZOI of the respective concentrations
	Microorganisms
	Mn3O4 Nanoparticle concentrations
	Zone of Inhibition (mm)

	Escherichia coli
	20 μg/ml
	10

	
	50 μg/ml
	20

	
	100 μg/ml
	22

	Enterococcus faecalis
	20 μg/ml
	16

	
	50 μg/ml
	20

	
	100 μg/ml
	24


Figure 4: Antibacterial effect with ZOI of the Mn3O4 Nano particles
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Future Scope:  
The promising outcomes obtained from both the physicochemical characterization and antibacterial evaluation of Mn3O4 nanoparticles highlight significant potential for future research and broader applications. As manganese is an essential trace element required for vital physiological functions, including immune regulation, oxidative stress control, enzyme activation, and bone development, it demonstrates superior biocompatibility and lower toxicity compared to many other metal-based nanoparticles (Atique Ullah et al., 2017). Additionally, the ability of manganese to exist in multiple oxidation states enables efficient generation of reactive oxygen species (ROS), which plays a critical role in antimicrobial action (Chouchaine et al., 2022). Beyond antibacterial activity, Mn-based nanoparticles have shown promise in diverse biomedical fields such as anticancer therapy, immunomodulation, biosensing, and targeted drug delivery (Singh et al., 2022). Further investigations into optimized nanoparticle size, surface modification, and dosage could strengthen their therapeutic efficiency while ensuring safe biological interaction. Moreover, the incorporation of green synthesis strategies, using plant extracts or eco-friendly reducing agents, can enhance their sustainability, antimicrobial potency, and scalability for real-world applications (Darshini et al., 2024). Such advancements may facilitate the development of next-generation antimicrobial systems capable of addressing the growing challenge of multidrug-resistant pathogens. Overall, manganese nanoparticles hold considerable promise for future biomedical and environmental technologies, encouraging extensive research to fully exploit their multifunctional properties.
CONCLUSION:
In this study, Mn3O4 nanoparticles were successfully synthesized via a co-precipitation method and thoroughly characterized using XRD and FTIR techniques, confirming their crystalline structure and distinct Mn–O bonding features. The demonstrated antibacterial activity against pathogenic bacteria highlights their strong bactericidal potential, further supported by the ability of manganese to generate reactive oxygen species (ROS) due to its multiple oxidation states. The intrinsic biocompatibility of manganese, being an essential trace element involved in key physiological processes, along with its low toxicity profile, makes Mn-based nanomaterials promising candidates for biomedical applications. Their antibacterial, anticancer, and immunomodulatory properties, coupled with excellent chemical adaptability, allow for surface modifications and targeted functionalization suitable for diverse therapeutic approaches. Moreover, the feasibility of producing these nanoparticles through green and environmentally safe synthesis routes expands their applicability in clinical and environmental sectors. Mn₃O₄ nanoparticles hold particular promise in combating multidrug-resistant (MDR) pathogens, offering an effective alternative to conventional antibiotics and contributing to improved public health outcomes.
[bookmark: References:]Overall, the multifunctional potential of manganese nanoparticles underscores their relevance in biomedicine, environmental remediation, and agricultural biotechnology. Continued research and optimization may pave the way for their practical deployment as next-generation antimicrobial and therapeutic agents, supporting global efforts against resistant microbial infections.
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