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Nanotechnology encompasses the creation and manipulation of materials in sizes ranging from 1-

100 nm. The properties of materials at nanoscale are quite different from other scale materials both 

physically and chemically. These include higher surface area to volume ratio, better catalytic 

performance and quantum effects. Common methods for preparing nanoparticles are sol- gel, 

hydrothermal, and chemical co-precipitation. These techniques allow for precision synthesis. 

However these techniques often involve toxic chemical precursors, high temperature and consume 

a lot of energy. As a result it raises significant environmental and safety concerns hence green 

synthesis is now considered as a safer method of synthesis. It comprises the use of plant parts, 

microbial products, and biomolecules to synthesize nanoparticles in an eco-friendly way. Among 

them manganese dioxide (MnO₂) nanoparticles have frontline prospects due to their strong 

structure, multi oxidation states (Mn²⁺/Mn³⁺/Mn⁴⁺), stimuli responsiveness , good bio-compatibility 

etc with wide range organisms. MnO₂ nanoparticles prepared through green route exhibit enzyme-

mimetic catalytic activity and also show bright prospects in medical applications. They can cure 

ROS related disorders, generate oxygen under hypoxia conditions, as well as tumour 

microenvironment regulation. Applications include chemodynamic as well as photodynamic 

therapies, immunotherapy, and increasing magnetic resonance imaging contrast. This review 

focuses on recent advancements concerning green-synthesized MnO₂ nanoparticles' preparation 

focusing mainly on their biomedical uses and likely future developments. 
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1. Introduction 

The rapid progress in nanotechnology has led to the creation of materials with better surface 

reactivity, adjustable properties, and improved biological interactions [1]. These nanoscale 

features have induced the growth of extensive research into the use of nanoparticles in areas 

such as drug delivery systems, MRI contrast agents, biosensors, photodynamic therapy agents, 

environmental remediation products and catalytic applications [2]. Despite allowing for 

precise control over size and shape of particles created via methods like sol - gel, hydrothermal 

method and chemical co‑precipitation still necessitate temperatures exceeding 100 - 200 °C as 
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well as high pressure conditions and/or employ toxic precursors leading to hazardous by-

products; this control additionally comes at the expense of more complex synthesis protocols 

involving multi-step reactions system requiring long processing hours at elevated temperatures 

[3]. 

Green synthesis has become an eco-friendly, and economical approach that uses plant extracts, 

microbial metabolites, and biomolecules as reducing and stabilizing agents for the production 

of nanoparticles using green precursors at low temperature (<60–80 °C to prevent hazardous 

by-products) [4]. These nanomaterials have been found very effective in many applications 

such as more than 90% bacterial pathogens inhibition, superior modulation of reactive oxygen 

species (ROS), and significant antioxidant activity in vitro environments [5]. Among various 

nanomaterials, manganese dioxide (MnO₂) nanoparticles have drawn significant interest 

because of their structural stability, multivalent redox behavior, and enzyme-mimicking 

activity. [6]. MnO₂ nanoparticles can decompose hydrogen peroxide endogenously on a 

catalytic basis converting it into oxygen thereby alleviating hypoxia in tumor 

microenvironments leading to improved efficacy in photodynamic therapy, chemodynamic 

therapy, and radiotherapy [7]. Under acidic conditions, these particles release paramagnetic 

Mn²⁺ ions, which have been shown to enhance T1 MRI contrast in preclinical studies [8]. The 

MnO 2 nanoparticles are synthesized by environmentally benign methods, thus, making MnO 

2 nanoparticles a green and multi-functional scaffold with scope of application in the 

biomedicines that are at the borderline between nano(scientific) foundational and translational 

medicine needs [9].  

 

2. Biogenic Routes for Green Nanoparticle Synthesis  

This green approach is a sustainable, ecologically sound and cost-effective alternative to the 

more commonly used chemical or physical methods [10]. This occurs via bioreductive 

processing of metal ions within plants, microorganisms or their isolated biomolecules as 

reducing, stabilizing and capping agents under eco-friendly chemistry [11]. The latter besides 

the reduced utilization of toxic reagents and high-energy inputs also offers the internal 

modification over nanoparticle surfaces for increased stability, solubility and biocompatibility 

contrives [12]. Various biogenic processes have been deeply scrutinized with each model 

showing individual mechanistic attributes and benefits [13]. 

 

2.1 Plant-Mediated Synthesis 

One of the reasons why bio-synthesis is the preferred among green strategies is because 

phytochemicals are found in plenty in various parts of the plants like leaves, stems, roots, 

fruits, seeds and flowers [14]. Those natural biomolecules also flavonoids, polyphenols and 

terpenoids influence their bioactivity ‘promising’ them as a valuable source for green synthesis 

[15]. They include alkaloids, proteins, and reducing sugars that cooperatively perform 

activities such as reduction of metal ions/nucleation of nanoparticles/and stabilization of 

nanoparticles [16]. Bio-chemical composition of plant extracts directly affects nucleation 

kinetics, crystal growth rate and morphology as well as particle distribution [17]. The 

preparation parameters such as extract concentration pH temperature, metal salt precursor and 

incubation time can be used to control size, shape, morphology and dispersion characteristic 
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[18]. Researchers can modify these bio-synthesis factors continuously till desired particle size 

distribution shape formation is reached [19]. 

Capping of phytochemical-coated NPs is a promising means to achieve the diversification in 

NP morphologies which could be quasi-spherical, rod-like, sheet-like, or flower-like 

hierarchical structures [20]. The phytochemical capping not only prevents agglomeration but 

also provides surface functional groups for enhanced interaction with biological molecules, 

improved solubility and increased biocompatibility tendency [21].  In addition to these, 

nanoparticles possess multiple functionalities like antioxidant activity, antimicrobial efficacy, 

catalytic behavior and remediation versatility [22].  This process is practical in terms of 

application on large scale, cost- effective and does not result in formation of any hazardous 

product which makes it more favourable for sectors like medicine, agriculture and 

environmental technology [23]. 

 

2.2 Microbial-Mediated Synthesis 

Nanoparticles are produced by microorganisms, such as bacteria, fungi, yeast and algae, both 

inside the cell and outside it [24]. Intracellular synthesis occurs when metal ions are taken up 

and enzymatic reduction within the cytoplasm takes place leading to nanoparticles of uniform 

size and crystallinity [25]. Extracellular synthesis is mediated through secreted enzymes, 

proteins and polysaccharides which make it easier to recover downstream [26]. The 

nanoparticles produced by microbes have narrow size distribution, colloidally stable forms 

with well-defined surfaces for functionalization that are suitable for various applications such 

as biomedical area, catalysis, biosensors and environmental applications [27]. 

 

2.3 Biomolecule-Assisted Synthesis 

Some biomolecules such as amino acids, peptides, proteins, polysaccharides, and vitamins that 

act as reducing and stabilizing agents help in the directed synthesis of nanoparticles as well as 

their growth and functionalization [28]. Proteins and peptides contain functional groups to 

facilitate selective binding and surface passivation and polysaccharides contain steric 

stabilization measures to ensure aggregation is avoided [29]. It is concentrated on applications 

of high added value in such fields as targeted drug delivery, biosensors and immobilization of 

enzymes and theranostics where a particular application is needed, thus post-synthesis 

functionalization is necessary [30]. 

 

2.4 Hybrid Biogenic Strategies 

Hybrid methods adopt several biogenic constituents that could be plant extracts and metabolic 

microbes or isolated biomolecules through the synergistic action during nanoparticle 

fabrication in their turn [31]. These strategies increase nucleation efficiency, yield and 

manufacture functionalized nanoparticles attaching suitable physicochemical and surface 

properties [32]. Hybrid biogenic nanoparticles are particularly useful for highly-complex 

applications that involve theranostics, biosensing, environmental decontamination and 

catalysis as they call for multi-functionality and high stability [33]. 

In a whole, biogenic technologies represent organic methods which are green, flexible, and 

can be effectively scaled for nanoparticle synthesis [34]. Strategies of using plants, 

microorganisms, and biomolecules allow to obtain controlled morphology and size of 

nanoparticles along with their functionalization while protecting the environment [35]. The 
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use of biological agents in the process provides functional-analog on the surface of a 

nanoparticle that significantly increases its performance and extends application areas of 

nanoparticles including medicine, environmental science as well as various nanotechnologies 

[36]. 

 

3. Determinant Parameters Governing Biogenic Nanoparticle Synthesis 

The efficiency of biosynthesizing nanoparticles is a multifunctional complex, which is 

determined by physicochemical and biological factors that are responsible for the phenomena 

of nucleation, growth, morphology, size dispersity, surface chemistry and colloidal stability 

[37]. These factors need to be optimized to guarantee reproducibility, uniformity and 

functional efficacy of the processes in  areas such as biomedical, catalytic or environmental 

applications [38]. The most important among them are the type and the concentration of 

biological reducing/stabilizing agents involved in the process; character of the metal precursor; 

conditions of reaction and macro environment properties [39]. 

 

3.1 Biological Reducing and Stabilizing Agents 

The biosource (whether it is a plant extract, microbial metabolite or isolated biomolecule) and 

its type, concentration and bio-chemical composition directly define the nucleation and growth 

kinetics of a nanomaterial [40]. Phytochemicals such as flavonoids, polyphenols, terpenoids, 

proteins, reducing sugars among others carry on dual function; they reduce metal ions to 

elemental or oxide nanoparticles as well as stabilize the particles by capping/sternic hindrance 

[41]. These biomolecules cause havoc on the density of nucleation, growth rate and 

morphology of the particles due to their content and reactivity [42]. The lack of bio-molecular 

content could lead to partial reduction or uncontrolled aggregations, whereas the excess 

concentration could cause abnormal shapes or polydispersity, excessive capping which 

prevents the functioning of nanomaterials [43]. The diversity and structure of biomolecules 

have an impact on surface chemistry as well as providing functional groups which increase 

solubility, biocompatibility and post-synthesis functionalization possibility [44]. 

 

3.2 Synthesis Parameters 

The pH, temperature, and incubation duration in the interaction environment can be referred 

to as the critical factors which deeply influence nanoparticle formation process [45]. The pH 

affects various aspects like ionization state of functional groups on biomolecules, reduction 

potentials, different dynamics of nucleation and growth of nanoparticles [46]. Ultra-acidic or 

high alkaline environments may completely change nucleation processes and/or affect shape, 

while also glycoside or precipitation of proteins can be observed; on the other hand, more 

neutral to mild conditions generally support noncomplicated formation of regular NPs [47]. 

The speed at which a molecule is reduced mediates biomolecule quantity, frequency of 

nucleation formation mediated by biomolecule and crystals growth rate [48]. Practically all 

temperatures are ideal to preserve biomolecular integrity besides promoting effective 

reduction; nevertheless very high temperatures may cause fast crystallization, as well as 

aggregation, degradation [49]. In like manner reaction time is an indicator for the degree of 

growth and aggregation; short periods lead to unfinished particle formation whereas long ones 

may result in many particles coagulation or even hierarchical aggregate’s formation [50]. 
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3.3 Metal Precursor Characteristics and Stoichiometry 

Literally, the chemical nature, solubility and oxidation state of the metal precursor have a 

major contribution in the dynamical nucleation processes and nanoparticles’ composition [51]. 

Although this may depend on other factors, typically precursors with high solubility and 

reactivity are reduced faster giving rise to smaller nanoparticles which have large surface area 

compared to those formed from less reactive salts that necessitate longer incubation periods or 

controlled environment [52]. Precursor-to-biomolecule ratio is of particular importance, which 

may result in an equilibrium that is either too low or too high, which may result in an 

incomplete reduction, aggregation or secondary particle growth but at a favorable 

stoichiometry all may be avoided as complete reduction takes place and biomolecular capping 

proceeds. [53].  

 

3.4 Medium Properties and Agitation 

The important factors to be considered also mainly include the types of solvents, ionic strength 

and mixing [54]. For instance, polar solvents like water will aid in ion mobility as well as 

enhance interaction of biomolecules with metal ions [55]. Ionic strength affects electrostatic 

stabilization; high ionic concentrations can shield charges with side effects to colloidal 

stability that decrease and aggregated particles emerge [56]. This is done gently to make sure 

that all molecules react uniformly distributed, preventing unwanted precipitation on a surface 

thus achieving homogenous nucleation and growth process [57]. Insufficient blending leads 

into heterogeneous particle size distributions and morphologies subsequently an excessive 

agitation could adversely affect fragile biomolecule-nanoparticle interactions [58]. 

 

4. Analytical Techniques for Characterization 

Knowledge about biologically produced nanoparticles can be obtained in order to discover 

their structural, morphological, optical and functional properties [59]. The main function of 

the described techniques is the size, morphology and aggregation of nanoparticles using SEM 

and TEM; the crystalline phase and structural purity of materials analyzed with XRD; surface 

functional groups and biomolecular capping investigated with FTIR technique; optical 

behavior and colloidal stability observed by UV–Vis spectroscopy; hydrodynamic size 

distribution and zeta potential analysis assessed by DLS [60]. Individually each of them 

provides a great insight into nanoparticle structure as well as its surface chemistry which is 

very important for biomedical as well as industrial applications [61]. 

 

4.1 Zeta Potential and Particle Size Analysis 

One of the most important physicochemical parameters i.e., the particle size, has quite an 

impact on the nanomaterial properties such as reactivity, cellular uptake, biodistribution, and 

drug delivery [62]. Smaller particles generally have a higher reactivity area and better 

biological interactions while larger aggregates may decrease the effectiveness [63]. 

Techniques such as dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) 

in hydrodynamic size, polydispersity, shape factor and colloidal distribution can be performed 

rapidly if required; SEM and TEM morphology imaging for aggregation/ crystallization 

visualisation which complement to size data are provided high resolution [64]. Particle size 
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determination is important for relating the effect of synthesis process parameters to its 

bioactive or catalytic function [65]. 

Zeta potential that is expressed as the surface charge of nanoparticles in suspension, is at the 

same time one of key factors for colloidal stability [66]. Nanoparticles having high absolute 

zeta potential repel themselves which help prevent aggregation while low ones may cause 

clustering and reduce dispersion stability [67]. Zeta potential also affects biomolecule 

adsorption/interactions with cell membranes and cellular internalization; those are highly 

important for biomedical applications including drug delivery, imaging, and antimicrobial 

activity [68]. Interactive assessment of particle size and zeta potential offers a detailed insight 

into nanoparticle physicochemistry to aid designers in building on existing ideas or creating 

new approaches to the development, optimization, or functionalization of suitable 

biocompatible nanomaterials which has been presented as a more effective approach than 

conducting individual analysis on each property [69]. 

 

4.2 Scanning Electron Microscopy (SEM) 

SEM provides significant information about surface morphology, structural arrangement and 

aggregation behavior of biogenically synthesized MnO₂ nanoparticles [70]. Micrographs 

displayed mostly quasi-spherical, rod- or needle-like and sheet-like morphologies with at times 

hierarchical assemblies such as flower-like or networked structures formed via biomolecule-

mediated oriented attachment [71]. Rough, porous, or wrinkled surfaces result from adsorbed 

biomolecules which act as capping agents to limit particle blend and produce polycrystalline 

regions with amorphous layers [72]. 

Primary particles are typically within tens of nanometers and secondary aggregates are larger 

among other things, resulting from partial stabilization and polydisperse nucleation [73]. The 

behavior of aggregation is reliant on the coating levels of biomolecules and also their 

electrostatic stabilization [74]. SEM, otherwise known as a combination of spectroscopic and 

crystallographic analysis, provides a mechanistic understanding of nucleation coupled with 

facet-sensitive growth and hierarchical assembly [75]. These structural characteristics have 

direct functional implications that comprise catalytic activity, capacity to carry load of drugs, 

redox property, antimicrobial effectiveness and general biomedical performance of green-

synthesized MnO2 nanoparticles [76].  

 

4.3 Transmission Electron Microscopy (TEM) 

In nanobiotechnology, TEM offers the possibility to get high resolution insights into the 

morphology inside, crystalline nature and nanoscale architecture of biogenic MnO₂ 

nanoparticles, which in turn complete the surface level observation obtained from SEM [77]. 

TEM images usually depict nanostructures with well defined lattice fringes that 

validate/corroborate crystalline MnO₂ phase formation under relatively mild bio-mediation 

conditions [78]. This work has revealed primary particles as ultrafine quasi-spherical 

nanocrystallites and elongated rod-/wire-like structures, which show anisotropic growth 

through selective adsorption of biomolecules on certain crystallographic planes [79]. Also note 

the presence ultrafine sheet-like or flake-like morphologies that corresponds to layered MnO₂ 

phases formed by stacking or oriented assembly of MnO₆ octahedra [80]. In HRTEM, the high 

resolution TEM helps to support the crystallinity of the sample by clearly showing lattice 
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fringes [81]. Furthermore, in SAED (selected area electron diffraction) patterns show that there 

are concentric rings which means that this nanomaterial is polycrystalline also they show that 

there are many nucleation sites during synthesis [82]. The amorphous organic layers around 

the crystalline domains indicate adsorption of plant-, microbial- or biomolecule-derived 

compounds as reducing, stabilizing and capping agents [83]. They perform protective 

functions since they prevent growth of particles, over-aggregation and increase colloidal 

stability [84]. According to observation of aligned nanostructures along certain directions the 

mechanisms behind growth of nanoparticles can be proposed [85]. It is clear that these 

structures have direct implications towards functional performances such as redox activity, 

cellular uptake, drug-loading capacity and antimicrobial efficiency [86]. From such a 

description we can conclude that TEM imaging confirms nanoscale integrity as well 

crystallographic orientation bioorganic structuring of synthesized MnO2 nanoparticles to point 

to the mechanistic and functional benefits bio-mediated synthesis strategies offer [87]. 

 

4.4 X-ray Diffraction (XRD) 

XRD is a key technique to verify the crystalline phase, structural integrity, and order of 

biogenic MnO₂ nanoparticles at long-range order [88]. Under green synthesis methods, MnO₂ 

are usually observed to form diffraction patterns with broad peaks that can be attributed to δ-, 

α-, or γ-MnO₂ representations, depending on the starting materials, concentration of precursors 

and the type of reducing agents [89]. Peak broadening or partial amorphousness is suggested 

to be an indicator of nanocrystallinity, whereas the presence of well-defined peaks in the 

diffraction pattern is an indication of a successful phase formation [90]. Small crystallites with 

surface-bound biomolecules enlarge further as overlapping peaks and slightly differentials of 

location of such overlap signals, create disorder of signals in nanostructure lattice dynamics 

[91]. The Scherrer equation provides a reasonable estimate of the size of such small crystallites 

and it also underlines the controlled nucleation of the process when the synthetic is in green 

[92]. Absence of impurity peaks serves to confirm high phase purity and the chelating nature 

of biomolecules as they synthesize [93]. Structural characteristics among others reduced 

crystallite size and lattice defects promote redox functionality performance [94]. Hence, XRD 

patterns are employed for insight on the fine structural refinement and functional enhancement 

of biogenic MnO₂ nanoparticles [95]. 

 
4.5 Fourier Transform Infrared Spectroscopy (FTIR) 
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FTIR spectroscopy is a powerful quality instrument that can be used to determine the type of 

functional groups responsible for reduction, stabilization and surface functionalization of 

biogenic produced MnO₂ MPs [96]. Bands in the low-wavenumber region (~500–750 cm⁻¹) 

display the typical absorption peaks which are connected with manganese atoms’ oscillations 

within the MnO₆ octahedral coordination structures, hence seem to support the presence of 

manganese dioxide frameworks [97]. Further, in 900 – 1100 cm⁻¹ and 1200-1500cm⁻¹ specific 

bands resulted from C–O, C–N and C–C stretching and this depict organics constitute from 

plant extracts, microbial metabolites or their bioreducing agents are adsorbed on NPs faces 

[98]. The presence of polyphenols, alcohols oxidation burst absorptions at 3200-3600 cm⁻1; 

whereas peak appeared at around 1600-1650 cm⁻1 temperatures carbonyl or amide bonds, this 

means there is proteins, enzymes or secondary metabolites involved in capping and 

stabilization [99]. 

Peak shifts indicate that functional groups are binding to the surface of MnO₂ which governs 

reduction and stabilization [100]. FTIR gives us proof that molecules from organisms change 

surfaces [101]. It shows that a coating forms which helps the particles stay separate from each 

other, and makes sure they do not stick together when they are in the human body [102]. This 

proof tells us that the changes on the surfaces are important for the way MnO2 behaves in the 

body and that there are great things about green ways of making MnO2 [103].  

 

 
4.6 UV–Visible spectroscopy 

UV–Vis spectroscopy is among the techniques often used to study functions including 

absorption spectrum, electronic states, and colloid stability of biogenically synthesized MnO₂ 

nanoparticles [104].The formation of MnO₂ is clear from a new broad absorption band at 320-

380 nm which is ascribed to the ligand-to-metal charge transfer of O²⁻ ligands onto Mn⁴⁺ 

centers in MnO₆ octahedra [105]. The surface chemistry and biomolecular capping, the 

position and shape of the band will depend upon nanoparticle size, crystallinity, surface 

chemistry, and biomolecular capping; sharp or broad bands suggest uniform formation and 

polydispersity respectively [106]. The intensity of absorbance indicates the quantity of 

nanoparticles in solution – which can be exploited to follow biosynthesis kinetics [107]. 

As per the Tauc plot, the band gap energy (Eg) of the MnO₂ NPs falls within the range of 1.5 

- 2.5 eV is depicted by size-dependence, by surface defects and functionalization patterns 
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[108]. Optoelectronic properties of these materials directly affect electrochemical behavior 

which in turn affects catalytic activities, and biomedicine applications such as redox reactions, 

(in particular, the modulation of reactive oxygen species, oxidative stressors, and photo-

assisted therapy) are areas where this information may be used [109]. In total UV–Vis 

spectroscopy not only serves as a proof for basic MnO₂ formation but also as an applicational 

characteristic for their electronic configuration/structure related optical properties at 

application level along with other methods of characterization to determine quality and 

functionality of nanoparticles [110]. 

 

5. Biomedical Applications of  Manganese dioxide Nanoparticles 

MnO2 has been widely used in biomedical fields due to its easy-to-adjust redox function, good 

biological compatibility and sensitivity to body changes [111]. When the interface activity of 

MnO2 nanoparticles increases, MnO2 can interact with the body, and even participate in the 

process of body regulation and disease response [112].  

Such functions make MnO2 nanostructure play a role in the antibacterial field, tumor therapy, 

biosensing and diagnostic imaging [113]. It can also catalyze endogenous hydrogen peroxide 

into molecular oxygen to relieve hypoxia, thus improving the efficiency of oxygen therapy 

[114]. With the enzyme-like properties, MnO2 nanostructure can artificially regulate the 

reactive oxygen species for microbial killing and cell protection [115]. Due to the above 

structural characteristics, MnO2-based nanomaterials can be used as a high-level platform for 

controlled drug release, and can be applied to diagnostic and therapeutic systems [116]. 

 

5.1 Microbial Targeting and Inactivation Mechanisms 

Controlled generation of reactive oxygen species, such as hydroxyl radicals and superoxide 

anions by MnO2 NPs, can cause oxidative stress, which is a key antibacterial mechanism of 

MnO2 NPs [117]. Highly reactive oxygen species can indiscriminately attack bacterial 

membranes, proteins, and nucleic acids, disrupting the vital process of bacterial metabolic 

activity and replication [118]. Furthermore, small dimensions and high surface energy can 

establish close contact at the bacterial cell envelope, which can destabilize the membrane by 

electrostatic interaction [119]. In addition to the chemical oxidative effects, direct interfacial 

interactions between MnO2 NPs and bacterial membranes could achieve a direct antimicrobial 

effect by inducing membrane deformation, increased permeability, and leakage of cytoplasmic 

contents [120]. Multiple antibacterial actions reduce the potential for resistance development 

while broadening the spectrum of antimicrobial effects [121]. The above mechanisms 

encourage the use of MnO2 -based nanostructures in wound dressings, antimicrobial surface 

coatings, and infection-control systems [122].  
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5.2 Redox-Modulating Activity 

MnO2 nanoparticles show strong antioxidant activity, which is a result of their internal 

enzyme-mimetic characteristics [123]. They can act similarly to the catalase and superoxide 

dismutase enzymes that are present in living beings, and effectively break down O2 radicals, 

especially hydrogen peroxide, into harmless components [124]. Owing to the redox-controlled 

catalytic mechanisms, MnO2 nanomaterials can mediate against the excessive O2 radicals in 

cells, which cause oxidative harm to cell signalling pathways and structures [125]. MnO2 

nanoparticles can prevent cell membrane breakdown, protein denaturation, and DNA damage 

by neutralizing O2 radicals and oxidative stress [126].  They have significant antioxidant 

activity, especially in cases such as inflammation, neurodegeneration, and tissue damage, that 

produce excessive amounts of O2 radicals [127]. Therefore, manganese dioxide nanostructures 

have been incorporated into several nanotherapeutic platforms to alleviate oxidative stress, 

reduce inflammation, and improve cell viability and proliferation [128].  

 

5.3 Smart Drug Delivery Systems 

MnO2 nanoparticles are a promising drug delivery platform because of their stimulus-

responsive properties and suitable physicochemical properties [129]. The major advantage of 

MnO2-based nanocarriers is their acidity sensitivity [130]. When exposed to acidic 

pathological microenvironments, such as tumor tissues, MnO2 will degrade and release drugs 

inside or on their surface in a site-specific, controlled, and long-term manner [131]. 

Degradation of the MnO2 carrier also generates molecular oxygen, which can release oxygen 

into hypoxic tissues to enhance the effectiveness of oxygen-dependent treatments [132]. The 

large surface area of MnO2 nanoparticles also enables a high drug-loading efficiency [133]. 

Modification with polymers, antibodies, or specific ligands enhances the cellular uptake of 

MnO2 nanoparticles and allows targeting of specific organs, tissues, or cells of interest [134]. 

Overall, these features highlight the potential of MnO2 drug delivery systems for controlled 

and specific drug delivery applications [135]. 
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5.4 Tumor Microenvironment Modulation and Therapeutics 

MnO₂ nanoparticles play a versatile therapeutic role in the field of oncology by virtue of active 

tumor microenvironment remodulation [136]. One major issue with the treatments of these 

kinds of cancers is that they are often found in solid tumors. [137]. These solid tumors have 

low oxygen levels and a high concentration of hydrogen peroxide; which makes radiotherapy 

and photodynamic therapy inefficient at destroying such tumours [138].This kind of cancer is 

one reason why this type of tumor is hard to treat since it can be difficult to get rid of a tumor 

that has no blood vessels as means for drugs to reach into it [139]. 

Besides oxygenation, the identical catalytic tactic enhances results of cytotoxic radicals in 

photodynamic processes, which leads to enhanced tumor ablation [140]. The changes in local 

pH could be accomplished by MnO2 nanoparticles as well, improving malignant cell 

sensitivity [141]. Therefore, simultaneously controlling the level of hypoxia, redox state and 

acidity in the tumor microenvironment, MnO2-based nanostructures is an effective adjuvant to 

enhance conventional cancer therapy [142].  

 

6. Future Perspectives  

Green synthesis can be used to make nanoparticles of MnO 2 in a more environmentally 

friendly and biocompatible method to form useful nanostructures [143]. Researchers must pay 

close attention to the size, shape, crystallinity and surface charge of the nanoparticles in order 

to achieve optimum results with their catalyst, antimicrobial and medical applications [144]. 

It has been established that nucleation and growth of the nanoparticles can be influenced by 

an extensive number of factors, including but not limited to the number of biological extracts, 

pH, molarity of the precursor, temperature, reaction time and mixing conditions. [145]. 

Statistical strategies like design-of-experiments can help figure out the best conditions for 

making MnO₂ nanoparticles with different plant, microbial, and biomolecular sources [146]. 

Using advanced techniques, such as scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), X-ray diffraction (XRD), and FTIR, can help with the 

characterization of the shape, size, composition, and surface chemistry of the nanoparticles 

[147]. Additionally, high-resolution TEM, atomic force microscopy (AFM), Raman mapping, 

X-ray absorption spectroscopy, and in situ spectroscopic methods can provide a better 

understanding of how the nanoparticles form and how biogenic components are involved in 

reducing, stabilizing, and surface functionalization [148]. 

 

7. Conclusion 

The green method of synthesis of manganese dioxide nanoparticles is a completely eco-

friendly, low-priced and everlasting contrast to specious chemical and physical methods only 

through bio-resources which are plant extracts, microbial metabolites, and biomolecules that 

convert ion metals into seeds for metal reduction, nucleation, or stabilization. The complete 

characterization demonstrates that formation of nanoparticles with their morphologies 

regulated crystallinity in the nano dimensions level and discrete optical and structural 

properties without the presence of catalytic, redox and biomedical applications functionality. 

These biogenically synthesized nanoparticles are quite versatile in the antimicrobial activity, 

antioxidant therapy, targeted drug delivery system, cancer theranostics and environmental 

remediation applications while biocompatibility is achieved by natural capping agents 
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decreasing cytotoxicity. Although meeting with difficulties in mechanistic elucidation, long-

term biosafety analysis, and scalable production, green synthesis stands as a flexible and 

sustainable method of producing multifunctional MnO2 nanomaterials that have high prospects 

in biomedical and environmental applications. 

 

Acknowledgments 

The authors are grateful to the Department of Microbiology, Amity Institute of Microbial 

Technology, Amity University, Uttar Pradesh, India, which gave them academic guidance and 

support in order to carry out this work The authors also appreciate the faculty members and 

laboratory staff for their valuable technical help and encouragement throughout the study. 

 

References  

[1] Gangadhar L, Subburaj S. Nanotechnology advances for biomedical applications. Frontiers 

in Nanotechnology. 2025 Oct 31;7:1639506. 

[2] Huston M, DeBella M, DiBella M, Gupta A. Green synthesis of nanomaterials. 

Nanomaterials. 2021 Aug 21;11(8):2130. 

[3] Zhang Y, Poon K, Masonsong GS, Ramaswamy Y, Singh G. Sustainable nanomaterials 

for biomedical applications. Pharmaceutics. 2023 Mar 12;15(3):922. 

[4] Krishnaveni P, Anjali P, Renuka S, Deivakumari M, Saranya VP, Namasivayam SK, 

Samrat K, Nachiyar CV. Sustainable formulation of PEGylated zinc oxide nanoparticles to 

enhance plant growth and combat bacterial pathogens. Discover Biotechnology. 2025 Aug 

19;2(1):19. 

[5] Borehalli Mayegowda S, Roy A, NG M, Pandit S, Alghamdi S, Almehmadi M, Allahyani 

M, Awwad NS, Sharma R. Eco-friendly synthesized nanoparticles as antimicrobial agents: an 

updated review. Frontiers in cellular and infection microbiology. 2023 Aug 16;13:1224778. 

[6] Pardhiya S, Priyadarshini E, Rajamani P. In vitro antioxidant activity of synthesized BSA 

conjugated manganese dioxide nanoparticles. SN Applied Sciences. 2020 Sep;2(9):1597. 

[7] Yu B, Wei H, He Q, Ferreira CA, Kutyreff CJ, Ni D, Rosenkrans ZT, Cheng L, Yu F, 

Engle JW, Lan X. Efficient uptake of 177Lu‐porphyrin‐PEG nanocomplexes by tumor 

mitochondria for multimodal‐imaging‐guided combination therapy. Angewandte Chemie 

International Edition. 2018 Jan 2;57(1):218-22. 

[8] Huang X, He T, Liang X, Xiang Z, Liu C, Zhou S, Luo R, Bai L, Kou X, Li X, Wu R. 

Advances and applications of nanoparticles in cancer therapy. MedComm–oncology. 2024 

Mar;3(1):e67. 

[9] Hano C, Abbasi BH. Plant-based green synthesis of nanoparticles: Production, 

characterization and applications. Biomolecules. 2021 Dec 25;12(1):31. 

[10] Osman AI, Zhang Y, Farghali M, Rashwan AK, Eltaweil AS, Abd El-Monaem EM, 

Mohamed IM, Badr MM, Ihara I, Rooney DW, Yap PS. Synthesis of green nanoparticles for 

energy, biomedical, environmental, agricultural, and food applications: A review. 

Environmental Chemistry Letters. 2024 Apr;22(2):841-87. 

[11] Álvarez-Chimal R, Arenas-Alatorre JÁ. Green synthesis of nanoparticles. A biological 

approach [Internet]. 2023 



Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al. 29 

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[12] Kumar Y, Sinha AS, Nigam KD, Dwivedi D, Sangwai JS. Functionalized nanoparticles: 

Tailoring properties through surface energetics and coordination chemistry for advanced 

biomedical applications. Nanoscale. 2023;15(13):6075-104. 

[13] Kulkarni D, Sherkar R, Shirsathe C, Sonwane R, Varpe N, Shelke S, More MP, Pardeshi 

SR, Dhaneshwar G, Junnuthula V, Dyawanapelly S. Biofabrication of nanoparticles: sources, 

synthesis, and biomedical applications. Frontiers in bioengineering and biotechnology. 2023 

May 2;11:1159193. 

[14] Singh A, BLR M, Sagar MN N. An overview of green synthesis mediated metal 

nanoparticles preparation and its scale up opportunities. Journal of Drug Delivery & 

Therapeutics. 2021 Nov 1;11(6). 

[15] El-Seedi HR, El-Shabasy RM, Khalifa SA, Saeed A, Shah A, Shah R, Iftikhar FJ, Abdel-

Daim MM, Omri A, Hajrahand NH, Sabir JS. Metal nanoparticles fabricated by green 

chemistry using natural extracts: Biosynthesis, mechanisms, and applications. RSC advances. 

2019;9(42):24539-59. 

[16] Altammar KA. A review on nanoparticles: characteristics, synthesis, applications, and 

challenges. Frontiers in microbiology. 2023 Apr 17;14:1155622. 

[17] Bouttier-Figueroa DC, Cortez-Valadez M, Flores-Acosta M, Robles-Zepeda RE. 

Synthesis of metallic nanoparticles using plant’s natural extracts: synthesis mechanisms and 

applications. Biotecnia. 2023 Dec;25(3):125-39. 

[18] Das P, Ghosh S, Nayak B. Phyto-fabricated nanoparticles and their anti-biofilm activity: 

Progress and current status. Frontiers in Nanotechnology. 2021 Oct 25;3:739286. 

[19] Radulescu DM, Surdu VA, Ficai A, Ficai D, Grumezescu AM, Andronescu E. Green 

synthesis of metal and metal oxide nanoparticles: a review of the principles and biomedical 

applications. International journal of molecular sciences. 2023 Oct 20;24(20):15397. 

[20] Duman H, Eker F, Akdaşçi E, Witkowska AM, Bechelany M, Karav S. Silver 

nanoparticles: A comprehensive review of synthesis methods and chemical and physical 

properties. Nanomaterials. 2024 Sep 20;14(18):1527. 

[21] Singaravelu S, Motsoene F, Abrahamse H, Dhilip Kumar SS. Green-synthesized metal 

nanoparticles: a promising approach for accelerated wound healing. Frontiers in 

bioengineering and biotechnology. 2025 Jul 16;13:1637589. 

[22] Campaña AL, Saragliadis A, Mikheenko P, Linke D. Insights into the bacterial 

synthesis of metal nanoparticles. Frontiers in Nanotechnology. 2023 Aug 10;5:1216921. 

[23] Mughal B, Zaidi SZ, Zhang X, Hassan SU. Biogenic nanoparticles: Synthesis, 

characterisation and applications. Applied Sciences. 2021 Mar 15;11(6):2598. 

[24] Tsekhmistrenko SI, Bityutskyy VS, Tsekhmistrenko OS, Horalskyi LP, Tymoshok NO, 

Spivak MY. Bacterial synthesis of nanoparticles: A green approach. Biosystems Diversity. 

2020;28(1):9-17. 

[25] Eweis AA, El-Raheem HA, Ahmad MS, Hozzein WN, Mahmoud R. Green fabrication 

of nanomaterials using microorganisms as nano-factories. Journal of Cluster Science. 2024 

Oct;35(7):2149-76. 

[26] Uddandarao P, Lens PN. Biological production of nanoparticles and their application in 

photocatalysis. Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery. 

2023 Dec 15:21. 



30 Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al.  

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[27] Varlas S, Maitland GL, Derry MJ. Protein-,(poly) peptide-, and amino acid-based 

nanostructures prepared via polymerization-induced self-assembly. Polymers. 2021 Aug 

5;13(16):2603. 

[28] Yhee JY, Jeon S, Yoon HY, Shim MK, Ko H, Min J, Na JH, Chang H, Han H, Kim JH, 

Suh M. Effects of tumor microenvironments on targeted delivery of glycol chitosan 

nanoparticles. Journal of Controlled Release. 2017 Dec 10;267:223-31. 

[29] Khan Y, Sadia H, Ali Shah SZ, Khan MN, Shah AA, Ullah N, Ullah MF, Bibi H, Bafakeeh 

OT, Khedher NB, Eldin SM. Classification, synthetic, and characterization approaches to 

nanoparticles, and their applications in various fields of nanotechnology: a review. Catalysts. 

2022 Nov 8;12(11):1386. 

[30] Anbarasu M, Martin TM, Priya P, Sivamurugan V, Kumar MS, Shaik MR, Kari ZA, Guru 

A. Assessing the impact of Ag-ZnO nanoparticle on the induction of oxidative stress, 

hematological, and molecular changes in zebrafish (Danio rerio) and McCoy fibroblast cell 

lines. Aquaculture International. 2024 Aug;32(4):5373-92. 

[31] Nain R, Patel H, Chahar M, Kumar S, Rohilla D, Pal M. Biosynthesized metallic 

nanoparticles for sustainable environmental remediation: mechanisms, applications, and future 

perspectives. Discover Chemistry. 2025 May 23;2(1):124. 

[32] Shah ST, Sari IP, Yanto DH, Chowdhury ZZ, Bashir MN, Badruddin IA, Hussien M, Lee 

JS. Nature's nanofactories: biogenic synthesis of metal nanoparticles for sustainable 

technologies. Green Chemistry Letters and Reviews. 2025 Dec 31;18(1):2448171. 

[33] Karunakaran G, Sudha KG, Ali S, Cho EB. Biosynthesis of nanoparticles from various 

biological sources and its biomedical applications. Molecules. 2023 Jun 2;28(11):4527. 

[34] Pandit P, Rananaware P, D’Souza A, Kurkuri MD, Brahmkhatri V. Functionalized diatom 

biosilica decorated with nanoparticles: synthesis, characterization, catalytic oxidation, and dye 

scavenging applications. Journal of Porous Materials. 2022 Oct;29(5):1369-83. 

[35] Ghosh S, Ahmad R, Banerjee K, AlAjmi MF, Rahman S. Mechanistic aspects of microbe-

mediated nanoparticle synthesis. Frontiers in Microbiology. 2021 May 5;12:638068. 

[36] Salloum S, Rüther J, Celik Z, Janiak C. Comparative analysis of synthesis techniques for 

citrate-capped gold nanoparticles: insights into optimized wet-chemical approaches for 

controlled morphology and stability. Nanoscale. 2025;17(40):23373-86. 

[37] Alam P, Faizan M, Sultan H, Al Balawi T. Silicon oxide nanoparticles boost rice 

resilience to salinity by enhancing antioxidant defenses and stress regulation. Plant Science. 

2025 Oct 1;359:112588. 

[38] Azad A, Zafar H, Raza F, Sulaiman M. Factors influencing the green synthesis of metallic 

nanoparticles using plant extracts: a comprehensive review. Pharmaceutical Fronts. 2023 

Sep;5(03):e117-31. 

[39] Hussain I, Singh NB, Singh A, Singh H, Singh SC. Green synthesis of nanoparticles and 

its potential application. Biotechnology letters. 2016 Apr;38(4):545-60. 

[40] Sidhu AK, Verma N, Kaushal P. Role of biogenic capping agents in the synthesis of 

metallic nanoparticles and evaluation of their therapeutic potential. Frontiers in 

Nanotechnology. 2022 Jan 31;3:801620. 

[41] de Oliveira PF, Torresi RM, Emmerling F, Camargo PH. Challenges and opportunities in 

the bottom-up mechanochemical synthesis of noble metal nanoparticles. Journal of Materials 

Chemistry A. 2020;8(32):16114-41. 



Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al. 31 

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[41] Taghavimandi F, Kim MG, Lee M, Shin K. Beyond PEGylation: nanoparticle surface 

modulation for enhanced cancer therapy. Health Nanotechnology. 2025 Nov 10;1(1):13. 

[43] Branca M, Ibrahim M, Ciuculescu-Pradines D, Philippot K, Amiens C. Water transfer of 

hydrophobic nanoparticles: Principles and methods. Handbook of nanoparticles. 2015:1-26. 

[44] Yang M, Gilroy KD, Xia Y. A general approach to the synthesis of M@ Au/Ag (M= Au, 

Pd, and Pt) nanorattles with ultrathin shells less than 2.5 nm thick. Particle & Particle Systems 

Characterization. 2017 Aug;34(8):1600279. 

[45] Peralta-Videa JR, Huang Y, Parsons JG, Zhao L, Lopez-Moreno L, Hernandez-Viezcas 

JA, Gardea-Torresdey JL. Plant-based green synthesis of metallic nanoparticles: scientific 

curiosity or a realistic alternative to chemical synthesis?. Nanotechnology for Environmental 

Engineering. 2016 Dec;1(1):4. 

[46] Sonwani S, Madaan S, Arora J, Suryanarayan S, Rangra D, Mongia N, Vats T, Saxena P. 

Inhalation exposure to atmospheric nanoparticles and its associated impacts on human health: 

a review. Frontiers in Sustainable Cities. 2021 Aug 18;3:690444. 

[47] Zanbili F, Poursattar Marjani A. Innovative green and bio-based approaches for 

photosensitive nanoparticle synthesis: a review on methodologies, characterization, and 

applications. Micro and Nano Systems Letters. 2025 Mar 24;13(1):3. 

[48] Salgado P, Mártire DO, Vidal G. Eucalyptus extracts-mediated synthesis of metallic and 

metal oxide nanoparticles: current status and perspectives. Materials Research Express. 2019 

Aug 1;6(8):082006. 

[49] Huang JP, Hsieh PC, Chen CY, Wang TY, Chen PC, Liu CC, Chen CC, Chen CP. 

Nanoparticles can cross mouse placenta and induce trophoblast apoptosis. Placenta. 2015 Dec 

1;36(12):1433-41. 

[50] Deng A, Zhao E, Li Q, Sun Y, Liu Y, Yang S, He H, Xu Y, Zhao W, Song H, Xu Z. 

Atomic cobalt–silver dual-metal sites confined on carbon nitride with synergistic Ag 

nanoparticles for enhanced CO2 photoreduction. ACS nano. 2023 Jun 8;17(12):11869-81. 

[51] Tkachenko A, Özdemir S, Tollu G, Dizge N, Ocakoglu K, Prokopiuk V, Onishchenko A, 

Сhumachenko V, Virych P, Pavlenko V, Kutsevol N. Antibacterial and antioxidant activity of 

gold and silver nanoparticles in dextran–polyacrylamide copolymers. Biometals. 2024 

Feb;37(1):115-30. 

[52] Shrestha S, Wang B, Dutta P. Nanoparticle processing: Understanding and controlling 

aggregation. Advances in colloid and interface science. 2020 May 1;279:102162. 

[53] Plumley CJ. Nanoparticle agglomeration via ionic colloidal destabilization as a novel 

approach to dry powder formulations for pulmonary drug delivery (Doctoral dissertation, 

University of Kansas). 

[54] Sousa AA, Schuck P, Hassan SA. Biomolecular interactions of ultrasmall metallic 

nanoparticles and nanoclusters. Nanoscale advances. 2021;3(11):2995-3027. 

[55] Lin HW, Hwu WH, Ger MD. The mechanism of shear thickening fluid with nanoparticles 

applied to liquid armor. In2007 Digest of papers Microprocesses and Nanotechnology 2007 

Nov 5 (pp. 212-213). IEEE. 

[56] Hamdallah SI, Zoqlam R, Yang B, Campbell A, Booth R, Booth J, Belton P, Qi S. Using 

a systematic and quantitative approach to generate new insights into drug loading of PLGA 

nanoparticles using nanoprecipitation. Nanoscale Advances. 2024;6(12):3188-98. 



32 Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al.  

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[57] Khandel P, Yadaw RK, Soni DK, Kanwar L, Shahi SK. Biogenesis of metal nanoparticles 

and their pharmacological applications: present status and application prospects. Journal of 

Nanostructure in Chemistry. 2018 Sep;8(3):217-54. 

[58] Chandran S, Patgiri B, Bedarkar P, Mathat D. Anticancer activity of Yashada Bhasma 

(bioactive nanoparticles of zinc): A human pancreatic cancer cell line study. AYU (An 

international quarterly journal of research in Ayurveda). 2019 Jan 1;40(1):58-63. 

[59] Fares A, Mahdy A, Ahmed G. Unraveling the mysteries of silver nanoparticles: synthesis, 

characterization, antimicrobial effects and uptake translocation in plant—a review. Planta. 

2024 Jul;260(1):7. 

[60] Heiligtag FJ, Niederberger M. The fascinating world of nanoparticle research. Materials 

today. 2013 Jul 1;16(7-8):262-71. 

[61] Zhang W. Nanoparticle aggregation: principles and modeling. Nanomaterial: impacts on 

cell biology and medicine. 2014 Mar 10:19-43. 

[62] Mourdikoudis S, Pallares RM, Thanh NT. Characterization techniques for nanoparticles: 

comparison and complementarity upon studying nanoparticle properties. Nanoscale. 

2018;10(27):12871-934. 

[63] Bury D, Jakubczak M, Bogacki J, Marcinowski P, Jastrzębska A. Novel photo-Fenton 

nanocomposite catalyst based on waste iron chips-Ti3C2Tx MXene for efficient water 

decontamination. Diamond and Related Materials. 2023 Jun 1;136:109966. 

[64] Mitjans M, Marics L, Bilbao M, Maddaleno AS, Piñero JJ, Vinardell MP. Size matters? 

A comprehensive in vitro study of the impact of particle size on the toxicity of ZnO. 

Nanomaterials. 2023 Jun 4;13(11):1800. 

[65] Chavda VP. Nanobased nano drug delivery: a comprehensive review. Applications of 

targeted nano drugs and delivery systems. 2019 Jan 1:69-92. 

[66] Ferraris S, Cochis A, Cazzola M, Tortello M, Scalia A, Spriano S, Rimondini L. 

Cytocompatible and anti-bacterial adhesion nanotextured titanium oxide layer on titanium 

surfaces for dental and orthopedic implants. Frontiers in bioengineering and biotechnology. 

2019 May 9;7:103. 

[67] Rodrigues AS, Batista JG, Rodrigues MÁ, Thipe VC, Minarini LA, Lopes PS, Lugão AB. 

Advances in silver nanoparticles: a comprehensive review on their potential as antimicrobial 

agents and their mechanisms of action elucidated by proteomics. Frontiers in Microbiology. 

2024 Jul 31;15:1440065. 

[68] Meshach F. Green synthesis, characterization and applications of manganese oxide 

nanoparticles. NanoEra. 2025 Jun 6;5(1):28-41. 

[69] Farkas E, Abboud H, Nagy N, Hofmeister B, Ostorházi E, Tóth B, Pinke B, Mészáros L, 

Zelkó R, Kazsoki A. Formulation and development of nanofiber-based ophthalmic insert for 

the treatment of bacterial conjunctivitis. International Journal of Molecular Sciences. 2024 

Aug 25;25(17):9228. 

[70] De Yoreo JJ, Gilbert PU, Sommerdijk NA, Penn RL, Whitelam S, Joester D, Zhang H, 

Rimer JD, Navrotsky A, Banfield JF, Wallace AF. Crystallization by particle attachment in 

synthetic, biogenic, and geologic environments. Science. 2015 Jul 31;349(6247):aaa6760. 

[71] Hensley A, Videbæk TE, Seyforth H, Jacobs WM, Rogers WB. Macroscopic photonic 

single crystals via seeded growth of DNA-coated colloids. Nature communications. 2023 Jul 

15;14(1):4237. 



Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al. 33 

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[72] Jun YS, Zhu Y, Wang Y, Ghim D, Wu X, Kim D, Jung H. Classical and nonclassical 

nucleation and growth mechanisms for nanoparticle formation. Annual review of physical 

chemistry. 2022 Apr 20;73:453-77. 

[73] Ullah Z, Iqbal J, Abbasi BA, Ijaz S, Ahmad S, Khan S, Sampath S, Iqbal R, Murtaza G, 

Mehmood Y, Kanwal S. Nano-formulation for agriculture applicability. InRevolutionizing 

Agriculture: A Comprehensive Exploration of Agri-Nanotechnology 2024 Dec 25 (pp. 325-

367). Cham: Springer Nature Switzerland. 

[74] Pagar T, Ghotekar S, Pagar K, Pansambal S, Oza R. Phytogenic synthesis of manganese 

dioxide nanoparticles using plant extracts and their biological application. InHandbook of 

greener synthesis of nanomaterials and compounds 2021 Jan 1 (pp. 209-218). Elsevier. 

[75] Ogunyemi SO, Abdallah Y, Ibrahim E, Zhang Y, Bi JA, Wang F, Ahmed T, Alkhalifah 

DH, Hozzein WN, Yan C, Li B. Bacteriophage-mediated biosynthesis of MnO2NPs and 

MgONPs and their role in the protection of plants from bacterial pathogens. Frontiers in 

microbiology. 2023 Jun 15;14:1193206. 

[76] Learman DR, Voelker BM, Madden AS, Hansel CM. Constraints on superoxide mediated 

formation of manganese oxides. Frontiers in microbiology. 2013 Sep 3;4:262. 

[77] Jiang B, Li C, Dag Ö, Abe H, Takei T, Imai T, Hossain MS, Islam MT, Wood K, Henzie 

J, Yamauchi Y. Mesoporous metallic rhodium nanoparticles. Nature communications. 2017 

May 19;8(1):15581. 

[78] Galezowski L, Recham N, Larcher D, Miot J, Skouri-Panet F, Guyot F. Microbially 

induced mineralization of layered Mn oxides electroactive in Li batteries. Frontiers in 

microbiology. 2020 Sep 10;11:2031. 

[79] Thi TT, Suys EJ, Lee JS, Nguyen DH, Park KD, Truong NP. Lipid-based nanoparticles 

in the clinic and clinical trials: from cancer nanomedicine to COVID-19 vaccines. Vaccines. 

2021 Apr 8;9(4):359. 

[80] Jabran M, Ali MA, Muzammil S, Zahoor A, Ali F, Hussain S, Muhae-Ud-Din G, Ijaz M, 

Gao L. Exploring the potential of nanomaterials (NMs) as diagnostic tools and disease 

resistance for crop pathogens. Chemical and Biological Technologies in Agriculture. 2024 

May 23;11(1):75. 

[81] Zhu N, Ji H, Yu P, Niu J, Farooq MU, Akram MW, Udego IO, Li H, Niu X. Surface 

modification of magnetic iron oxide nanoparticles. Nanomaterials. 2018 Oct 9;8(10):810. 

[82] Sayed AA, Soliman AM, Taha MA, Sadek SA. Spirulina and C-phycocyanin mitigate 

titanium dioxide nanoparticle-induced hematobiochemical and hepatorenal disorders through 

antioxidative pathway. Food Chemistry Advances. 2022 Oct 1;1:100035. 

[83] Ahmad KS, Yaqoob S, Gul MM. Dynamic green synthesis of iron oxide and manganese 

oxide nanoparticles and their cogent antimicrobial, environmental and electrical applications. 

Reviews in Inorganic Chemistry. 2022 Sep 27;42(3):239-63. 

[84] Souri M, Hoseinpour V, Shakeri A, Ghaemi N. Optimisation of green synthesis of MnO 

nanoparticles via utilising response surface methodology. IET nanobiotechnology. 2018 

Sep;12(6):822-7. 

[85] Joshi AS, Singh P, Mijakovic I. Interactions of gold and silver nanoparticles with bacterial 

biofilms: Molecular interactions behind inhibition and resistance. International journal of 

molecular sciences. 2020 Oct 16;21(20):7658. 

[86] Orsini SF, Biancofiore D, Hesemann P, Dirè S, Callone E, Mauri M, Simonutti R, 

Travaglini FI, Di Credico B, Mostoni S, Nisticò R. Silica and silicate nanoparticles decorated 



34 Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al.  

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

with guanidinium groups: an innovative platform for the generation of thermoresponsive 

solvent-free nanofluids. Ceramics International. 2025 Nov 19. 

[87] Dubey RK, Shukla S, Hussain Z. Green synthesis of silver nanoparticles; A sustainable 

approach with diverse applications. Zhongguo Ying Yong Sheng Li Xue Za Zhi. 2023 Dec 

21;39:e20230007. 

[88] Gim J, Mathew V, Lim J, Song J, Baek S, Kang J, Ahn D, Song SJ, Yoon H, Kim J. Pyro-

synthesis of functional nanocrystals. Scientific reports. 2012 Dec 10;2(1):946. 

[89] Romano CA, Zhou M, Song Y, Wysocki VH, Dohnalkova AC, Kovarik L, Paša-Tolić L, 

Tebo BM. Biogenic manganese oxide nanoparticle formation by a multimeric multicopper 

oxidase Mnx. Nature communications. 2017 Sep 29;8(1):746. 

[90] Chaudhary M, Choudhary P, Tripathi A, Pandey VK, Sharma R, Singh S, Rustagi S, 

Pathak A. Pharmaceutical orientation and applications of silver/zinc oxide nanoparticles 

developed from various fruit peel extracts: an emerging sustainable approach. Discover 

Sustainability. 2025 Jan 6;6(1):7. 

[91] Sabeha S, Shanan ZJ. Synthesis of manganese dioxide nanoparticles by plant extract 

mediated and their effect on biofilm formation. Ibn AL-Haitham Journal For Pure and Applied 

Sciences. 2023 Jul 20;36(3):91-9. 

[92] Madadgar S, Doulati Ardejani F, Boroumand Z, Butscher C, Taherdangkoo R. Green 

MnFe₂O₄/g-C₃N₄ Nanoparticles for Pb (II) Treatment in Contaminated Water: Experimental 

Insights and Machine Learning Integration. Water, Air, & Soil Pollution. 2025 

Dec;236(13):866. 

[93] Mubayi A, Chatterji S, K Rai P, Watal G. Evidence based green synthesis of 

nanoparticles. Advanced materials letters. 2012 Dec 1;3(6):519-25. 

[94] Zeiner CA, Purvine SO, Zink E, Wu S, Paša-Tolić L, Chaput DL, Santelli CM, Hansel 

CM. Mechanisms of manganese (II) oxidation by filamentous ascomycete fungi vary with 

species and time as a function of secretome composition. Frontiers in Microbiology. 2021 Feb 

10;12:610497. 

[95] Lesiak B, Rangam N, Jiricek P, Gordeev I, Tóth J, Kövér L, Mohai M, Borowicz P. 

Surface study of Fe3O4 nanoparticles functionalized with biocompatible adsorbed 

molecules. Frontiers in chemistry. 2019 Oct 4;7:642. 

[96] Dawadi S, Gupta A, Khatri M, Budhathoki B, Lamichhane G, Parajuli N. Manganese 

dioxide nanoparticles: synthesis, application and challenges. Bulletin of Materials Science. 

2020 Dec;43(1):277. 

[97] El-Moslamy SH, Yahia IS, Zahran HY, Kamoun EA. Novel biosynthesis of MnO NPs 

using Mycoendophyte: industrial bioprocessing strategies and scaling-up production with its 

evaluation as anti-phytopathogenic agents. Scientific Reports. 2023 Feb 4;13(1):2052. 

[98] Zhang S, Wang Y, Song H, Lu J, Yuan Z, Guo J. Copper nanoparticles and copper ions 

promote horizontal transfer of plasmid-mediated multi-antibiotic resistance genes across 

bacterial genera. Environment international. 2019 Aug 1;129:478-87. 

[99] Martinez de la Torre C, Grossman JH, Bobko AA, Bennewitz MF. Tuning the size and 

composition of manganese oxide nanoparticles through varying temperature ramp and aging 

time. PLoS One. 2020 Sep 18;15(9):e0239034. 



Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al. 35 

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[100] Aboul-Nasr MB, Yasien AA, Mohamed SS, Aboul-Nasr YB, Obiedallah M. Exploring 

the anticancer potential of green silver Nanoparticles–Paclitaxel nanocarrier on MCF-7 breast 

Cancer cells: an in vitro approach. Scientific Reports. 2025 Jun 20;15(1):20198. 

[101] Sayed GI, Alshater H, Hassanien AE. Predicting the potential toxicity of the metal oxide 

nanoparticles using machine learning algorithms: GI Sayed et al. Soft Computing. 2024 

Sep;28(17):10235-61. 

[102] Chenthamara D, Subramaniam S, Ramakrishnan SG, Krishnaswamy S, Essa MM, Lin 

FH, Qoronfleh MW. Therapeutic efficacy of nanoparticles and routes of administration. 

Biomaterials research. 2019 Nov 21;23(1):20. 

[103] Jaganyi D, Altaf M, Wekesa I. Synthesis and characterization of whisker-shaped MnO2 

nanostructure at room temperature. Applied Nanoscience. 2013 Aug;3(4):329-33. 

[104] Wu K, Su D, Liu J, Saha R, Wang JP. Magnetic nanoparticles in nanomedicine: a review 

of recent advances. Nanotechnology. 2019 Dec 13;30(50):502003. 

[105] Tian X, Chong Y, Ge C. Understanding the nano–bio interactions and the corresponding 

biological responses. Frontiers in chemistry. 2020 Jun 10;8:446. 

[106] Kshatriya VV, Kumbhare MR, Jadhav SV, Thorat PJ, Bhambarge RG. An updated 

review on Emerging recent advances and biomedical application of silver nanocluster. 

Zhongguo Ying Yong Sheng Li Xue Za Zhi. 2023 Dec 5;39:e20230001. 

[107] Ruan C, Su K, Zhao D, Lu A, Zhong C. Nanomaterials for tumor hypoxia relief to 

improve the efficacy of ROS-generated cancer therapy. Frontiers in chemistry. 2021 Mar 

19;9:649158. 

[108] Thangudu S, Su CH. Review of light activated antibacterial nanomaterials in the second 

biological window. Journal of Nanobiotechnology. 2025 Apr 15;23(1):293. 

[109] Balwe SG, Moon D, Hong M, Song JM. Manganese oxide nanomaterials: bridging 

synthesis and therapeutic innovations for cancer treatment. Nano Convergence. 2024 Nov 

27;11(1):48. 

[110] Mammari N, Lamouroux E, Boudier A, Duval RE. Current knowledge on the oxidative-

stress-mediated antimicrobial properties of metal-based nanoparticles. Microorganisms. 2022 

Feb 14;10(2):437. 

[111] Vaishampayan A, Grohmann E. Antimicrobials functioning through ROS-mediated 

mechanisms: current insights. Microorganisms. 2021 Dec 28;10(1):61. 

[112] Tasic L, Stanisic D, Barros CH, Covesi LK, Bandala ER. Inactivation of Escherichia 

coli using biogenic silver nanoparticles and ultraviolet (UV) radiation in water disinfection 

processes. Catalysts. 2022 Apr 11;12(4):430. 

[113] Gautam S, Das DK, Kaur J, Kumar A, Ubaidullah M, Hasan M, Yadav KK, Gupta RK. 

Transition metal-based nanoparticles as potential antimicrobial agents: recent advancements, 

mechanistic, challenges, and future prospects. Discover Nano. 2023 Jun 7;18(1):84. 

[114] Elshazly EH, Abd Elfadeel G, Yang L, Li X, Ewais EA, Sadek AM, Taha TM, Fathy O, 

Atta OM, Liu WZ. Sustainable biosynthesis, physiochemical characterization, cytotoxicity, 

and antimicrobial evaluation of novel chromium oxide nanoparticles. Frontiers in Chemistry. 

2025 Sep 24;13:1584199. 

[115] Pang Q, Jiang Z, Wu K, Hou R, Zhu Y. Nanomaterials-Based Wound Dressing for 

Advanced Management of Infected Wound. Antibiotics 2023, 12, 351 [Internet]. 2023 



36 Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al.  

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[116] Collins E, Ji J, Kim SG, Witten J, Kim S, Zhu R, Park P, Jung M, Park A, Manan RS, 

Rudra A. Lipid Nanoparticle Database towards structure-function modeling and data-driven 

design for nucleic acid delivery. Nature Communications. 2026 Jan 28. 

[117] Moglianetti M, Pedone D, Udayan G, Retta SF, Debellis D, Marotta R, Turco A, Rella 

S, Malitesta C, Bonacucina G, De Luca E. Intracellular antioxidant activity of biocompatible 

citrate-capped palladium nanozymes. Nanomaterials. 2020 Jan 3;10(1):99. 

[118] Kumari S, Sarkar L. A review on nanoparticles: structure, classification, synthesis & 

applications. Journal of Scientific Research. 2021 Oct;65(8):42-6. 

[119] Patel J, Kumar GS, Roy H, Maddiboyina B, Leporatti S, Bohara RA. From nature to 

nanomedicine: bioengineered metallic nanoparticles bridge the gap for medical applications. 

Discover Nano. 2024 May 9;19(1):85. 

[120] Manful CF, Fordjour E, Ikumoinein E, Abbey L, Thomas R. Therapeutic strategies 

targeting oxidative stress and inflammation: a narrative review. BioChem. 2025 Oct 

6;5(4):35. 

[121] Dai X, Dai Y, Zheng Y, Lv Y. Magnetic nanoparticles and possible synergies with cold 

atmospheric plasma for cancer treatment. RSC advances. 2024;14(40):29039-51. 

[122] Rao R, Liu X, Li Y, Tan X, Zhou H, Bai X, Yang X, Liu W. Bioinspired zwitterionic 

polyphosphoester modified porous silicon nanoparticles for efficient oral insulin delivery. 

Biomaterials science. 2021;9(3):685-99. 

[123] Hao M, Tan X, Liu K, Xin N. Nanoencapsulation of nutraceuticals: enhancing stability 

and bioavailability in functional foods. Frontiers in Nutrition. 2025;12:1746176. 

[124] Yang Y, Qin Z, Zeng W, Yang T, Cao Y, Mei C, Kuang Y. Toxicity assessment of 

nanoparticles in various systems and organs. Nanotechnology Reviews. 2017 Jun 27;6(3):279-

89. 

[125] Gour A, Jain NK. Advances in green synthesis of nanoparticles. Artificial cells, 

nanomedicine, and biotechnology. 2019 Dec 4;47(1):844-51. 

[126] Mohapatra A, Uthaman S, Park IK. External and internal stimuli-responsive metallic 

nanotherapeutics for enhanced anticancer therapy. Frontiers in molecular biosciences. 2021 

Jan 11;7:597634. 

[127] Shi Y, Guenneau F, Wang X, Hélary C, Coradin T. MnO2-gated nanoplatforms with 

targeted controlled drug release and contrast-enhanced MRI properties: from 2D cell culture 

to 3D biomimetic hydrogels. Nanotheranostics. 2018 Sep 21;2(4):403. 

[128] Raju GS, Pavitra E, Varaprasad GL, Bandaru SS, Nagaraju GP, Farran B, Huh YS, Han 

YK. Nanoparticles mediated tumor microenvironment modulation: current advances and 

applications. Journal of Nanobiotechnology. 2022 Jun 14;20(1):274. 

[129] Hang Y, Liu Y, Teng Z, Cao X, Zhu H. Mesoporous nanodrug delivery system: a 

powerful tool for a new paradigm of remodeling of the tumor microenvironment. Journal of 

Nanobiotechnology. 2023 Mar 21;21(1):101. 

[130] Zhu QL, Xu Q. Immobilization of ultrafine metal nanoparticles to high-surface-area 

materials and their catalytic applications. Chem. 2016 Aug 11;1(2):220-45. 

[131] Xu Z, Lin H, Dai J, Wen X, Yu X, Xu C, Ruan G. Protein-nanoparticle co-assembly 

supraparticles for drug delivery: Ultrahigh drug loading and colloidal stability, and instant and 

complete lysosomal drug release. International Journal of Pharmaceutics. 2024 Jun 

10;658:124231. 



Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al. 37 

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[132] Iqbal N, Shoaib A, Fatima Q, Farah MA, Raja V. Synthesis and antifungal efficacy of 

chitosan nanoparticles against notorious mycotoxigenic phytopathogens. Plant Stress. 2024 

Dec 1;14:100614. 

[133] Liu X, Wei W, Liu Z, Song E, Lou J, Feng L, Huang R, Chen C, Ke PC, Song Y. 

Serum apolipoprotein AI depletion is causative to silica nanoparticles–induced 

cardiovascular damage. Proceedings of the National Academy of Sciences. 2021 Nov 

2;118(44):e2108131118. 

[134] Andoh V, Ocansey DK, Naveed H, Wang N, Chen L, Chen K, Mao F. The advancing 

role of nanocomposites in cancer diagnosis and treatment. International journal of 

nanomedicine. 2024 Dec 31:6099-126. 

[135] Haneefa M, Jayandran M, Balasubramanian V. Evaluation of antimicrobial activity of 

green-synthesized manganese oxide nanoparticles and comparative studies with 

curcuminaniline functionalized nanoform. Asian J Pharm Clin Res. 2017;10(3):347-52. 

[136] Rezayat M, Karamimoghadam M, Yazdi MS, Moradi M, Bodaghi M. Statistical 

analysis of experimental factors for synthesis of copper oxide and tin oxide for antibacterial 

applications. The International Journal of Advanced Manufacturing Technology. 2023 

Jul;127(5):3017-30. 

[137] Begum SJ, Pratibha S, Rawat JM, Venugopal D, Sahu P, Gowda A, Qureshi KA, 

Jaremko M. Recent advances in green synthesis, characterization, and applications of bioactive 

metallic nanoparticles. Pharmaceuticals. 2022 Apr 8;15(4):455. 

[138] Kamble M, Lakhnot AS, Bartolucci SF, Littlefield AG, Picu CR, Koratkar N. 

Improvement in fatigue life of carbon fibre reinforced polymer composites via a Nano-Silica 

Modified Matrix. Carbon. 2020 Dec 1;170:220-4. 

[139] Lico C, Tanno B, Marchetti L, Novelli F, Giardullo P, Arcangeli C, Pazzaglia S, Podda 

MS, Santi L, Bernini R, Baschieri S. Tomato bushy stunt virus nanoparticles as a platform for 

drug delivery to shh-dependent medulloblastoma. International Journal of Molecular Sciences. 

2021 Sep 29;22(19):10523. 

[140] Wen J, Lei C, Hua S, Cai L, Dai H, Liu S, Li Y, Ivanovski S, Xu C. Regulation of 

macrophage uptake through the bio-nano interaction using surface functionalized mesoporous 

silica nanoparticles with large radial pores. Journal of Materials Chemistry B. 2025;13(1):137-

50. 

[141] Saldinger JC, Raymond M, Elvati P, Violi A. Domain-agnostic predictions of nanoscale 

interactions in proteins and nanoparticles. Nature Computational Science. 2023 May;3(5):393-

402. 

[142] Danyliuk N, Lapchuk I, Kotsyubynsky V, Boychuk V, Husak V. Effect of Mn2+ 

substitution on catalytic properties of Fe3-xMnxO4 nanoparticles synthesized via co-

precipitation method. Physics and Chemistry of Solid State. 2023 Dec 21;24(4):748-60. 

[143] Kinra S, Ghosh MP, Mohanty S, Choubey RK, Mukherjee S. Manganese ions substituted 

ZnO nanoparticles: synthesis, microstructural and optical properties. Physica B: Condensed 

Matter. 2022 Feb 15;627:413523. 

[144] Hoseinpour V, Ghaemi N. Green synthesis of manganese nanoparticles: Applications 

and future perspective–A review. Journal of Photochemistry and Photobiology B: Biology. 

2018 Dec 1;189:234-43. 



38 Biogenic Fabrication And Multidimensional Characterization….. Ankita Tiwari et al.  

Nanotechnology Perceptions 22 No. 1 (2026) 17-38 

[145] Abuzeid HM, Julien CM, Zhu L, Hashem AM. Green synthesis of nanoparticles and 

their energy storage, environmental, and biomedical applications. Crystals. 2023 Nov 

8;13(11):1576. 

[146] Cao Y, Li Y, Ren C, Yang C, Hao R, Mu T. Manganese-based nanomaterials promote 

synergistic photo-immunotherapy: green synthesis, underlying mechanisms, and multiple 

applications. Journal of Materials Chemistry B. 2024;12(17):4097-117. 

[147] Dharmaraj P, Ramesh S, Kakani V, Kim HS, Arulselvan P, Ramalingam T, Indumathi 

T. Green synthesis of Fe-doped manganese oxide nanoparticles: enhanced their antibacterial 

and anticancer properties assessed by biological analysis. Inorganic Chemistry 

Communications. 2025 Nov 26:115897. 

[148] Rengaraju B. Green Synthesis of Silver-Doped Manganese Oxide Nanoparticle for the 

Degradation of Antibiotic Contamination in the Pharma Industry Effluent Stream. 

 

 


