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Abstract: The limitless possibilities of nanotechnology can
be explained by the remarkable antimicrobial activity
demonstrated by plant-derived biometallic nanoparticles,
with a particular focus on their interactions with metal
oxides. Plant-derived biomaterials and metal oxides work
harmoniously to provide a new dimension in materials
science that might lead to ground-breaking applications in
environmental remediation and biomedicine. Using sophis-
ticated analytical methods, including transmission electron
microscopy, Fourier-transform infrared spectroscopy, and
X-ray diffraction, this work consists of a systematic inquiry

into the production and characterization of these biome-
tallic nanoparticles. The results highlight the exact control
over particle size, shape, and composition, highlighting how
important these factors are in determining the resultant
nanoparticles’ ability to fight microbes. One of the main
themes involves antioxidant activity, as the biometallic
nanoparticles made from plants have the natural capacity
to scavenge free radicals, which enhances their antimicro-
bial effectiveness. The work carefully evaluates the pro-
cesses behind this dual function, providing insight into the
complex interactions between metal oxides and chemicals
originating from plants. This study delves into possible uses
in biological remediation, where the produced nanoparticles
show promise in reducing environmental pollutants. It empha-
sizes how environmentally benign the suggested biometallic
nanoparticles are, imagining a long-term strategy to mitigate
microbial dangers and concurrently clean up contaminants in
various ecosystems. An in-depth understanding of the complex
interactions between biometallic nanoparticles generated from
plants and metal oxides, as well as the various roles that these
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materials play in biological remediation and antimicrobial
activity, is obtained. Thus, our review offers a paradigm change
in the design and use of materials, opening up opportunities
for further developments in nanotechnology.

Keywords: anti-oxidant activity, antimicrobial activity, metal
oxide nanoparticles, biometallic nanoparticles

1 Introduction

Green nanotechnology has been developed to study the
initiation and usage of nanomaterials and nanotechnolo-
gies to benefit the environment. Consequently, it also aims
to develop green approaches that can reduce the ecological
footprint of various nanotechnology processes and pro-
ducts [1]. Some of them are the reduction of waste and
energy consumption in production, the use of renewable
resources, and the development of nontoxic and biodegrad-
able nanomaterials. Applications include water purification
to save energy as with solar cells, battery technologies, or
air quality improvements. Green nanotechnology is the
development of clean technologies to minimize potential
environmental and human health risks associated with
the manufacture and use of nanotechnology products and
to encourage the replacement of existing products with
new nano-products that are more environmentally friendly
throughout their lifecycle [2]. The integration of biometallic
nanoparticles established by plants signifies a revolutionary
combination of nanotechnology and botanical extracts,
wherein the intrinsic biological capabilities of plants com-
bine with the specific engineering of metallic nanoparticles
at the nanoscale [3]. Plant extracts rich in phytochemicals
are used in this synthesis procedure to function as stabilizing
and reducing agents when biometallic nanoparticles are
formed. This novel strategy emphasizes sustainable nanopar-
ticle synthesis using plant-mediated reduction processes, uti-
lizing the natural, environmentally beneficial qualities of
green chemistry principles [4]. The synthesis process care-
fully regulates the interactions between phytochemicals and
metal precursors, resulting in the nucleation and develop-
ment of nanoparticles with specific surface and morpholo-
gical properties [5]. The resultant biometallic nanoparticles
are very adaptable for a variety of applications since they
show a unique blend of inorganic and plant characteristics.
The precisely calibrated physicochemical characteristics of
these nanoparticles impact critical elements, including bio-
compatibility, stability, and reactivity, opening up new ave-
nues for use in biomedicine and catalysis [6]. Plant-derived
biometallic nanoparticles are a viable contender for pushing
scientific and technological boundaries because of their

combination of botanical expertise with nanoscale engi-
neering. Understanding antimicrobial activity in organisms
generated from plants is a meeting point between biologically
derived substances and cutting-edge nanotechnological
approaches.With an emphasis on botanical sources, bioactive
components having innate antibacterial qualities are
extracted and used [7]. After these chemicals are included
in nanoscale formulations using methods like green synth-
esis, more effective plant-derived antibacterial agents are pro-
duced. These plant-derived antimicrobial compounds work
by complexly interacting on a nano-biolevel with a variety
of microbiological organisms, including viruses, fungi, and
bacteria. The specific physicochemical characteristics of the
nanomaterials impact their mechanism of action, causing
important cellular functions in the microorganisms to be dis-
rupted [8]. This leads to oxidative stress induction, disruption
of cellular signalling pathways, and membrane destabiliza-
tion, all of which have strong antibacterial effects. Moreover,
the use of antimicrobial compounds derived from plants
has the potential to mitigate the growing problems associated
with antibiotic resistance [9]. These multifunctional nanos-
tructured botanical compositions are strong competitors
in the continuing fight against infectious illnesses. The
potential for incorporating plant-derived antimicrobial
agents into a variety of applications, such as environmental
remediation and medicine, is becoming more and more
compelling as the scientific community continues to explore
the intricacies of these antimicrobial mechanisms [10].
This represents a significant opportunity for ground-
breaking discoveries at the connection of biology and
nanotechnology.

Sophisticated advances in nanotechnology and advanced
materials science are embodied in the tactical use of metal
oxides on the front lines. This technological effort is focused
on using the different physicochemical properties of metal
oxides, especially when designed at the nanoscale, to tackle
urgent problems in several fields [11]. Metal oxides’ inherent
characteristics, which include their electrical, optical, and
catalytic capabilities, place them at the centre of innovative
applications. In this field of science, the attention is directed
to the complex domain of biometallic nanoparticles, in which
the combined action of two different metal oxides amplifies
their antibacterial efficacy [12]. Careful techniques, such as
hydrothermal and green synthesis, are used in the synthesis
of these nanostructures in order to create nanoparticles with
perfect control over their size, shape, and surface properties.
The environmentally friendly and sustainable green synthesis
process uses the reducing and stabilizing properties of bota-
nical extracts to direct the formation of biometallic nanopar-
ticles [13]. As these biometallic nanoparticles become strong
competitors in the fight against microbiological enemies, the
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scientific story begins to take shape. A thorough grasp of
complex nano-bio interactions is necessary to comprehend
the interactions that occur between various microbiological
organisms, including bacteria and viruses and metal oxide
nanostructures [14]. Given that metal oxides are at the fore-
front of antimicrobial tactics, the combination of technical
expertise and cutting-edge materials highlights a possible
path for revolutionary developments at the nexus of metal
oxide nanotechnology and biological interfaces. The recent
development of metal oxide formation through plant-derived
biomimetic has been erased as potent nonconventional anti-
microbial agents due to their eco-friendly and sustainable
nature. This review, as opposed to conventional reviews, is
special in the sense that it reveals synthesis and characteriza-
tion along with antimicrobial improvement results using
plant-based biometallic nanoparticles [15]. Our review article
illustrates the plant extract-mediated synthesis of biocidal
metal oxides by an innovative junction between nanotech-
nology and plant-based biochemistry. This new perspective
highlights the most recent advances and novel opportunities
for their implementation in agriculture, medicine or environ-
ment protection.

2 Synthesis and characterization
techniques

A thorough investigation of synthesis and characterization
methods must be done to understand material character-
istics [16]. When it comes to nanomaterials, the synthesis
technique is essential for personalizing certain properties.
Green synthesis techniques, which use biomolecules as
reducing agents and ecologically safe methods, are a leading
instance of sustainable procedures that provide control over
the content and form of nanoparticles [17]. Characterization
methods include a variety of sophisticated approaches
and are essential to understanding the complexities of nano-
materials. High-resolution imaging is made possible by
transmission electron microscopy (TEM), which provides
information on the size, shape, and distribution of nanopar-
ticles. Crystallographic information is revealed by X-ray dif-
fraction (XRD), which reveals the crystalline structure and
phase composition of various materials. Molecular analysis
is made possible by Fourier-transform infrared spectro-
scopy (FTIR), which illuminates chemical interactions and
functions. Other methods, such as zeta potential measure-
ments and dynamic light scattering (DLS), help to clarify
surface charge and colloidal stability, which are important
for a variety of applications. Mass spectrometry and nuclear

magnetic resonance (NMR) spectroscopy provide comprehen-
sive insights into the compositions and structures of mole-
cules [18]. Combining these synthesis and characterization
methods is essential for directing the precise engineering of
materials for particular uses in a variety of scientific fields,
such as biomedical and nanoelectronics.

2.1 Selection and preparation of plant
materials

A thorough comprehension of technological procedures is
necessary in the selection and processing of plant materials
for scientific investigations. The selection of plant species is
crucial when it comes to biologically produced substances,
requiring thought to be given to the phytochemical compo-
sition, bioactive potential, and sustainability. By ensuring
taxonomic accuracy using methods like DNA barcoding,
botanical authenticity reduces variability in plant material
[19]. Thorough extraction techniques are used throughout
the preparation stage to separate bioactive substances.
Utilizing technical solvents like ethanol, hexane, or supercri-
tical fluids, solvent extraction maximizes the number of
phytochemicals extracted while reducing contaminants. The
stability and polarity of the drug will determine whether
extraction method maceration, Soxhlet, or ultrasound-assisted
extraction is used [20]. It is essential to carry out further
purification procedures like chromatography or recrystalliza-
tion in order to isolate certain bioactive components. The
quantitative identification and quantification of chemicals
is made possible by analytical methods such as gas chroma-
tography-mass spectrometry and high-performance liquid
chromatography, which guarantee the consistency and
repeatability of plant materials that have been extracted.
The botanical sciences and analytical techniques are closely
related, as shown by the technological complexities in plant
material processing and selection [21]. This meticulous pro-
cessing of the material serves as a basis for further scientific
research, especially in the areas of phytochemistry, pharma-
cology, and nanotechnology.

2.2 Techniques for biometallic nanoparticle
synthesis

In order to achieve exact control over nanoparticle proper-
ties, a comprehensive convergence of multiple technological
approaches has resulted in the production of biometallic
nanoparticles [22]. Green synthesis is a well-knownmethod
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that uses ecologically friendly processes and plant extracts
as stabilizing and reducing agents. This environmentally
friendly method enables the production of nanoparticles
with specific morphological and compositional properties.
Chemical techniques that allow for exact control over nano-
particle size and form include thermal decomposition and
the reduction of metal salts in solution [23]. Through the
hydrolysis and condensation of metal precursors, sol–gel
techniques provide exact control over the characteristics
of nanoparticles. Using droplets stabilized with a surfactant,
microemulsion methods make it possible to create monodis-
perse nanoparticles. Using acoustic or electromagnetic
radiation, advanced techniques such as sono chemical and
microwave-assisted procedures provide efficient and quick
synthesis [24]. Through electrodeposition, electrochemical
methods provide exact control over the size of nanoparti-
cles. Synthesis methods get a biocompatible dimension
when bioreduction activities involving microbes or enzymes
are used. In order to validate the effectiveness of synthesis
procedures and customize nanoparticles for particular appli-
cations, characterization approaches such as FTIR spectro-
scopy, XRD, and TEM are essential [25]. The dynamic interac-
tion between various technological approaches highlights the
complex terrain of biometallic nanoparticle production,
demonstrating the merging of sustainable practices, chem-
istry, and nanotechnology.

2.2.1 Green synthesis methods

Green synthesis techniques are an important paradigm in
the production of sustainable and environmentally friendly
nanomaterials. By using plant extracts as stabilizing and
reducing agents, these techniques eliminate the need for
harsh chemicals and lower their negative effects on the
environment [26]. Selecting plant materials requires careful
consideration of their phytochemical makeup in order to
ensure that the bioactive components are suitable for the
production of nanoparticles. The synthesis processes include
a range of approaches, although hydrothermal methods are
particularly notable for their effective nucleation and regu-
lated reaction conditions [27]. By using electromagnetic
radiation, microwave-assisted synthesis accelerates reaction
kinetics and shortens the synthesis time. The quick and
uniform production of nanoparticles is facilitated by ultra-
sound-assisted techniques that make use of acoustic cavita-
tion. The fundamental principles of green synthesis include
how plant components, such as flavonoids and polyphenols,
have an innate ability to reduce and modify metal ion pre-
cursors in order to produce nanoparticles. In order to main-
tain colloidal stability and avoid agglomeration, stabilizing

agents, typically proteins or polysaccharides from plant
extracts, play a crucial role [28]. The effectiveness of green
synthesis is confirmed by characterization methods such as
DLS, XRD, and UV-Vis spectroscopy, which also clarify the
characteristics of the nanoparticles. Phytochemicals like fla-
vonoids, terpenoids, and phenolic acids assist in the green
synthesis of nanoparticles by playing the role of reducing
and capping agents. The presence of these compounds pro-
vides electrons to metal ions, which form metal nanoparti-
cles [29]. At the same time, they enable the binding to the
surface of the nanoparticles, which stabilizes it and prevents
aggregation. This duality helps in the synthesis of nanopar-
ticles and makes them stable. Our process is green because
instead of chemicals, we synthesize the nanomaterials in a
natural way by using nature-produced metabolites. Green
synthesis techniques are characterized by their combination
of technical accuracy, sustainability, and low environmental
impact, which places them at the forefront of the developing
field of nanomaterial development [30]. The natural formu-
lation of nanoparticles is swayed by several pivotal considera-
tions: pH, temperature, concentration, and reaction period,
each playing a significant role in choosing the attributes and
productivity of the synthesized nanoparticles [31].

pH: the pH of the reaction environment impacts the
ionization condition of plant biomolecules and the reduc-
tion opportunity of metal ions. Ideal pH levels fluctuate
depending on the specific plant extract and metal utilized
[32]. A higher pH normally advances the decrease process,
bringing about more uniform and steady nanoparticles,
while extraordinary pH levels can cause precipitation or
grouping.

Temperature: temperature is pivotal in controlling the
kinetics of the nanoparticle amalgamation. Higher tem-
peratures generally expand the response rate, advancing
quicker nucleation and development of nanoparticles [33].
In any case, excessively high temperatures can bring about
the arrangement of larger particles and potential disinte-
gration. In contrast, decreasing temperatures may bring
about slower responses, delivering less and, in some cases,
larger nanoparticles with fluctuating morphologies.

Concentration: the focus of both the plant concentrates
and metal precursors fundamentally affects the size, yield,
and circulation of nanoparticles. Higher focuses on plant
concentrates give more dynamic biomolecules for lessening
and topping, normally bringing about smaller, more uni-
form nanoparticles [34]. In contrast, higher metal particle
focuses can yield larger particle sizes and potential amalga-
mation if not adequately controlled.

Time: reaction time impacts the development and
ripening of nanoparticles. Briefer response times may
bring about incomplete lessening, delivering fewer or
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smaller nanoparticles. Prolonged reaction times, while
beneficial for finish amalgamation, can sometimes cause
particle agglomeration and changes in morphology [35].
Optimizing the reaction time is fundamental to accom-
plishing the required nanoparticle properties. By fasti-
diously controlling these elements, the green amalgamation
strategy can be fine-tuned to create nanoparticles with
explicit attributes, improving their usability in different
fields, for example, medication, horticulture, and natural
science.

Green synthesis of nanoparticles employs different bio-
logical entities acting as reducing as well as stabilizing agents.
Besides, the phytochemical-rich content plant extracts have
been identified as useful agents for nanoparticle formation
and, therefore, are found to be used widely. A gold nanopar-
ticle produced with a bacterial enzyme in the LA bacteria has
a particular type of enzyme that is capable of producing
stable and all surface functionalized nanoparticles [36]. Algae
rapidly growing, high-biomass, and eco-friendly resources
contribute as beneficial synthesis extracts for abundant and
scalable nanoparticle production. Excellent synthesis cap-
ability with fungi extracellular enzymes leads to specific
morphologies. Besides, several other biomaterials like yeasts
and viruses are being exploited for nanoparticle synthesis. All
biological sources provide different benefits to consider the
diversity and sustainability of green nanotechnology.

2.2.2 Chemical reduction approaches

The production of nanoparticles relies heavily on chemical
reduction techniques, which provide a flexible and regu-
lated way to design materials at the nanoscale. This process
depends on precisely reducing metal ions, which is usually
accomplished by using reducing agents [37]. This causes the
nucleation and subsequent development of nanoparticles.
The kinetics and results of the reduction process are signifi-
cantly affected by the choice of reducing agents, such as
sodium borohydride or hydrazine. The reduction kinetics
and nanoparticle shapes are further influenced by the
choice of solvent systems, which often include the aqueous
or organic media [38]. The latest tool in the chemical reduc-
tion toolbox is thermal reduction, which involves carefully
regulated heating operations to create nanoparticles with
precise sizes and crystallinities. Numerous kinds of metal ions
may be used with the chemical reduction method to create a
variety of metallic nanoparticles, each with unique character-
istics and uses. The ultimate size distribution and form of the
nanoparticles are influenced by the carefully regulated nuclea-
tion and growth phases [39]. Customizing the required nano-
particle properties necessitates the optimization of reaction

parameters, such as pH, temperature, and concentration. Eva-
luation of the effectiveness and fineness of the chemical reduc-
tion synthesis process depends on characterization techniques
like TEM, XRD, and spectroscopic approaches like UV-Vis and
FTIR [40]. Chemical reduction techniques are positioned as
essential instruments in the toolset for nanomaterial production
because of their methodological accuracy and versatility, which
are crucial for a wide range of scientific and technological
applications.

2.3 Advanced analytical tools for
characterization

In order to completely understand the complex character-
istics and functions of nanomaterials, modern analytical
methods must be used throughout the characterization
process [41]. An essential tool in nanoscale imaging is
TEM, which offers high-resolution information on the shape,
size distribution, and crystallinity of the particles. The spa-
tial distribution of component elements inside the nanopar-
ticles may be determined using elemental mapping, which is
made possible by the combination of TEM and energy-dis-
persive X-ray spectroscopy (EDS). Critical information on the
phase composition and crystal structure of nanomaterials
may be obtained through XRD. Crystallographic orientations
and phase purity may be determined using this approach by
examining the diffraction patterns that arise from X-ray
interactions with the material’s lattice [42]. By identifying
chemical bonds and vibrational modes, spectroscopic
methods like Raman spectroscopy and FTIR spectroscopy
make molecular-level investigation easier. These tools are
essential for clarifying chemical compositions, intermole-
cular interactions, and surface functionalization in nano-
materials [43]. Essential information on the particle size
distribution, aggregation state, and surface charge is
provided by DLS and zeta potential. This information is
crucial for evaluating colloidal stability and possible inter-
particle interactions. Determining molecular structures and
dynamics is possible by NMR spectroscopy, which is espe-
cially useful for nanomaterials functionalized with organic
ligands or polymers. Through integrating these innovative
analytical techniques, it is possible to obtain a thorough
grasp of the properties of nanomaterials, which facilitates
the customization of materials for particular use and the
improvement of synthesis procedures [44]. When these
methods are used wisely, they may guarantee accuracy
and consistency in the characterization of nanomaterials
in the rapidly developing field of nanotechnology, which
leads to advances in many different kinds of scientific and

Metal oxides on the frontlines  5



technical fields. Table 1 provides an overview of sophisticated
analytical tools employed for precise characterization, encom-
passing various scientific disciplines. It details their specific
applications, key features, and recent research advancements,
showcasing the versatility and advancements in cutting-edge
analytical techniques.

2.3.1 XRD

For evaluating a material’s atomic and molecular structure
and phase composition, XRD is a crucial analytical method
[55]. Bragg’s law, which suggests that the arriving X-rays
interact with a crystalline lattice to produce diffracted
beams that can be detected and analysed to determine struc-
tural information, is the foundation of this non-destructive
approach. By making it easier to determine crystallographic
properties, including lattice spacing, unit cell diameters, and
crystallite size, XRD offers vital information about how
atoms are arranged in a material. To determine certain
phases and their relative abundance, the diffraction pattern
results are examined. This pattern is indicative of the mate-
rial’s crystal structure [56]. The method is frequently employed
in many scientific fields, such as chemistry, geology, and mate-
rials science. XRD plays a key role in nanomaterial research by
evaluating the crystallinity of nanoparticles, evaluating phase
transitions, and verifying the effectiveness of production pro-
cedures. Enhanced collecting information is made possible by
sophisticated XRD devices, such as synchrotron X-ray sources,
especially for materials exhibiting low crystallinity or compli-
cated crystal structures [57]. A comprehensive understanding
of nanomaterial characteristics may be achieved by combining
XRD with complementing methods like spectroscopy and TEM.
For structural characterization, XRD is a vital technique that

helps researchers rationally design and optimize materials for
a range of applications, including electronic devices and cata-
lysis [58]. XRD is a valuable tool for improving our knowledge
of nanomaterials and their customized functions because of its
reliability and flexibility.

2.3.2 TEM

One of the most important analytical methods for charac-
terizing nanomaterials is TEM, which offers unmatched
insights into the composition, shape, and structure of
materials at the nanoscale [59]. Based on the concepts of
electron optics, TEM achieves sub-nanometres spatial reso-
lution by passing a concentrated electron beam through a
thin object. Superior imaging capabilities provided by TEM
enable researchers to see individual nanoparticles in great
contrast and detail. Knowledge of the physical properties
of the nanomaterial requires a knowledge of the size, shape,
and distribution of the particles, all of which are crucially
revealed by the ensuing photographs [60]. Furthermore,
using selected area electron diffraction, TEM makes it pos-
sible to clarify crystalline structures and identify crystallo-
graphic phases and orientations. When used in combination
with TEM, EDS expands analytical capabilities by facilitating
elemental analysis and mapping [61]. The chemical makeup
and elemental distribution inside nanomaterials may be
ascertained owing to this integration. Through challenging
the limits of resolution, advanced TEM techniques such as
aberration-corrected TEM and high-resolution TEM (HRTEM)
allow for atomic-level imaging and improved visualization of
nanomaterial edges andmistakes. TEM is commonly employed
in many scientific fields, including biology and materials
science, and it helps to accelerate advances in nanotechnology

Table 1: Advanced analytical tools for characterization: unveiling insights through cutting-edge techniques

Analytical tool Principle Application Limit of detection Sensitivity Ref.

Scanning electron microscopy (SEM) Electron beam interaction Surface morphology ∼1 nm High [45]
TEM Electron transmission Internal structure analysis ∼0.1 nm Very high [46]
XRD X-ray scattering Crystalline structure ∼1% crystallinity High [47]
FTIR spectroscopy Infrared absorption Functional group

identification
∼0.01% Moderate [48]

Raman spectroscopy Inelastic scattering of photons Molecular composition ∼1 μg/cm2 High [49]
DLS Light scattering Particle size distribution ∼1 nm High [50]
Atomic force microscopy (AFM) Cantilever deflection Surface topology ∼1 nm High [51]
Inductively coupled plasma mass
spectrometry

Ionization and mass
spectrometry

Elemental analysis ∼ppt (parts per
trillion)

Very high [52]

UV-Vis spectroscopy Absorption of ultraviolet-
visible light

Concentration determination ∼10−6 M Moderate [53]

NMR spectroscopy Magnetic resonance Molecular structure
elucidation

∼10−5 M High [54]
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research [62]. When combined with other characterization
techniques, such as XRD and spectroscopy, TEM becomes an
invaluable tool in the search for customized materials with
cutting-edge functions, providing a thorough knowledge of
nanomaterials.

2.3.3 FTIR spectroscopy

For the purpose of characterizing nanomaterials, FTIR
spectroscopy is an essential analytical method that makes
it possible to examine molecular structures and functional
groups in great detail. This non-destructive method works
on the basis of infrared absorption, in which when infrared
light interacts with a material, vibrational changes in the
sample’s molecular bonds are induced. FTIR spectroscopy
offers a thorough fingerprint of the molecular makeup of a
nanomaterial, illuminating details on its organic coatings,
surface functionalities, and structural arrangements [63].
The resultant infrared spectrum, which is made up of
absorption bands that fit certain molecular vibrations,
makes it possible to determine and measure the different
chemical moieties that are present in the nanomaterial.
The method has several uses in nanotechnology and
nanoscience, including important insights into the pre-
sence of organic ligands or polymers, intermolecular
interactions, and surface modification of nanoparticles
[64]. When used in tandem with complementing methods
like TEM and XRD, FTIR spectroscopy advances our
comprehensive knowledge of the characteristics of nano-
materials. Attenuated total reflection accessories for high-
end FTIR spectroscopy instruments enhance sensitivity
and enable the investigation of nanomaterials in powder,
film, and suspension form. Moreover, FTIR spectroscopy
combined with other spectroscopic techniques like NMR
spectroscopy offers a complementary way for detailed struc-
tural elucidation [64]. With the goal of better understanding
the chemical compositions, surface functions, andmolecular
interactions inside nanomaterials, FTIR spectroscopy is a
vital technique for nanomaterial description.

2.3.4 UV-visible spectroscopy

A critical analytical method for characterizing nanomater-
ials is UV-visible spectroscopy, which uses the interaction
of visible and ultraviolet light with matter to clarify the
electronic transitions occurring in a sample [65]. This non-
destructive technique offers important insights into the
electrical structure, bandgap, and optical properties of
nanomaterials, as well as their absorption and transmission
characteristics. Using UV-visible spectroscopy, one may

identify chromophores and determine the size and concentra-
tion of nanoparticles by identifying certain absorption bands
that correspond to electronic transitions in the absorption
spectrum [66]. The method is particularly beneficial for exam-
ining the plasmonic characteristics of the metallic nanoparti-
cles and provides a quantitative explanation of surface
plasmon resonance occurrences. UV-visible spectroscopy is
widely used in nanotechnology to guide the evaluation of
nanoparticle stability and the optimization of production pro-
cedures [67]. The method makes it easier to identify surface
modifications, ligand interactions, and the impact of nanoma-
terial shape on optical characteristics due to its sensitivity to
minute changes in the electronic structure. The calculation of
the nanoparticle concentrations and their extinction coeffi-
cients is made possible by quantitative analysis, which uses
the Beer–Lambert law. More sophisticated UV-visible instru-
ments with integrated spheres or accessories for variable-angle
specular reflection expand the use of this method to a wider
variety of nanomaterial shapes and sizes. As an essential
instrument for characterizing nanomaterials, UV-visible spec-
troscopy offers a quick and flexible way to reveal electrical and
optical properties that are essential to the understanding and
development of nanoscience and nanotechnology.

3 Antimicrobial mechanisms and
efficacy

The antimicrobial activity displayed by biometallic nano-
particles synthesized using plant materials involves an
array of actions that comprehensively undermine micro-
bial virulence. Whether disrupting bacterial cell mem-
branes, interfering with metabolic processes, or disabling
infectious ability, these nanoparticles’ diverse means of sabo-
taging pathogens surpass that of single-component variants.
Derived through green chemistry practices respecting both
planetary and human well-being, their multimodal defences
against contagion merit expanded investigation [68].
(1) Generation of reactive oxygen species (ROS): ROS play

a key role in microbial death. Superoxide anions,
hydroxyl radicals, and hydrogen peroxide are gener-
ated as one of the primary mechanisms. These reactive
molecules inflict oxidative stress upon microbial cells,
creating havoc at a molecular level. Lipids, proteins,
and DNA sustain collateral damage from the toxic
oxygen derivatives. Such oxidative wreckage compro-
mises the wholeness of the microbial membrane and
its interior constitution. With structures in disarray,
functioning grinds to a halt, marking the end of the
cell [69].
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(2) Disruption of cell membrane integrity: ROS play a key
role in microbial demise. Superoxide anions, hydroxyl
radicals, and hydrogen peroxide are generated as one
of the primary mechanisms. These reactive molecules
inflict oxidative stress upon microbial cells, creating
havoc at a molecular level. Lipids, proteins, and DNA
sustain collateral damage from the toxic oxygen deriva-
tives. Such oxidative wreckage compromises the whole-
ness of the microbial membrane and its interior consti-
tution. With structures in disarray, functioning grinds to
a halt, marking the end of the cell [70].

(3) Interaction with DNA and proteins: these diminutive yet
potent nanoparticles wreak havoc upon microbial cells
through a plethora of perturbations. They infiltrate the
membranous barriers to interact intimately with the
genomic material, instigating mutations that mar repli-
cation and transcription [71]. Additionally, their binding
disrupts the ribosomal subunits and various proteins
crucial for synthesizing further constituents, crippling
the cell’s competency and fecundity.

(4) Biofilm inhibition: the biofilm, nature’s protective shroud
for microbial colonies, provides a scant sanctuary from
these nanoparticles’ attack. They penetrate the convo-
luted matrix and assail the embedded cells, pre-empting
biofilm formation or dismantling established films [72].
This magnifies conventional antimicrobials’ efficacy by
permitting deeper dissemination and action of the nano-
particles within the deconstructed biofilms.

Efficacy: The efficacy of biometallic nanoparticles shows
great potential due to their multi-pronged approach. By tar-
geting microbes through different mechanisms, resistance is
far less likely to evolve. Research has found that at lower
doses, these particles eradicate more types of microbes than
traditional drugs [73]. This wide spectrum of action, coupled
with opportunities to alter surfaces to hone in on particular
infectious agents, positions them as a promising solution
across medical and environmental applications. Moving for-
ward, focusing on refining nanoparticle mixtures and release
methods could boost their antimicrobial strength even more
while ensuring safety and compatibility with living tissues.
The flexibility to adapt as microbes change promises to main-
tain their usefulness far into the future [74].

3.1 Interactions of biometallic nanoparticles
with microorganisms

Biometallic nanoparticle–microorganism interactions are
complex interactions at the nano–bio interface that include
complex molecular dynamics and physical phenomena. The

electrostatic interactions between the charged surface of
nanoparticles and the membranes of microorganisms is
one important aspect [75]. This interaction affects adhesion,
which makes it easier for nanoparticles to come into direct
contact with microorganisms and affects the integrity of the
cellular membrane as a result. Furthermore, the biometallic
nanoparticle’s method of action is greatly influenced by its
size, shape, and surface charge [76]. Certain-sized nanopar-
ticles have the ability to enter microbial cells, rupturing
their structure and releasing cytoplasm. Selective antibac-
terial actions are partly due to the surface charge, which
affects the attraction for microbial cell surfaces. One impor-
tant factor determining the effectiveness of antimicrobial
agents is the release of metal ions from nanoparticles as a
result of their interactions withmicrobes [77]. This process has
the potential to cause oxidative stress, impair cellular pro-
cesses, and damage microbial enzymatic pathways. Further-
more, when microbes internalize nanoparticles, it sets off
intracellular reactions that impact cellular metabolism and
function [36]. The microorganisms, fungi, viruses, or bacteria
introduce variation in the interactions with biometallic nano-
particles. ROS cause nanoparticle-induced oxidative stress,
which is a prevalent mechanism impacting a variety of micro-
organisms [4]. It takes spectroscopic techniques like FTIR
spectroscopy and analytical procedures like TEM to fully
understand these complex interactions [14]. The compli-
cated connection between biometallic nanoparticles and
microorganisms highlights the complex dynamics influen-
cing antimicrobial efficacy and provides opportunities for
customizing nanomaterials for specific and potent antimi-
crobial applications as researchers work to understand the
nano–bio interactions. Table 2 comprehensively explores the
intricate dynamics between bio-metallic nanoparticles and
diverse microorganisms, unravelling interaction mechanisms,
biological responses, and the potential applications across var-
ious scientific domains. It provides insights into the evolving
landscape of nanobiotechnology and microbial interactions.

3.2 Impact of particle size and morphology

Particle shape and size play an essential role in deter-
mining the effectiveness and usefulness of nanomaterials
in a variety of applications. The physicochemical charac-
teristics and biological interactions of nanoparticles are
significantly influenced by their size, which is a crucial
factor in both nanoscience and nanotechnology. The surface
area-to-volume ratios of smaller nanoparticles are higher,
which affects colloidal stability, optical characteristics, and
reactivity [85]. The penetration and interaction of biometallic
nanoparticles with microbial cells are greatly influenced by

8  Anbarasu Krishnan et al.
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their particle size in antibacterial applications. Smaller-sized
nanoparticles often show better cellular absorption, which
results in stronger antibacterial effects. Because size-depen-
dent features are changeable, nanoparticles may be designed
to target specific microbes. Morphology, which includes sur-
face characteristics and form, further modifies the behaviour
of nanomaterials [86]. Anisotropic morphologies, including
nanowires and nanorods, have distinct optical and electrical
properties that affect sensing and catalysis applications. In
addition to affecting cellular internalization and interactions
with biological entities, the nanoparticle form also affects the
biological destiny and therapeutic effectiveness of the parti-
cles [87]. The size distribution and shape of nanoparticlesmay
be determined with great importance using quantitative ana-
lysis and characterization methods such as TEM, XRD, and
DLS. By precisely controlling these characteristics, synthesis
settings may be adjusted to customize nanomaterials to fulfil
certain performance needs [88]. Beyond basic material
qualities, particle size and shape influence a wide range of
scientific fields [89]. By carefully adjusting these properties,
scientists may create nanomaterials with specific functions
that meet the complex requirements of a variety of applica-
tions, including medication delivery and catalysis.

3.3 Synergistic effects of metal oxides

The investigation of the synergistic effects resulting from
the integration of metal oxides is a comprehensive exam-
ination within the discipline of nanotechnology that illus-
trates the convergence of many metallic components to
provide improved characteristics and functions [90]. The
complex interactions between the unique physicochemical
characteristics of specific metal oxides often result in this
synergism, which enhances performance in a variety of
applications. An important area where synergistic effects
can be observed is in antibacterial treatments [91]. When
compared to their solo equivalents, combinations of var-
ious metal oxides, such as titanium dioxide (TiO2), copper
oxide (CuO), and zinc oxide (ZnO), have higher antibacterial
activity. This coordinated activity is thought to have a cumu-
lative effect on cellular structures, redox processes, and
microbial membranes, erecting a strong barrier against
the growth of bacteria. The synergistic effects of metal
oxides are used in catalysis to enhance catalytic efficiency
and optimize reaction pathways [91]. A catalytic system’s
overall performance may be improved by carefully com-
bining metal oxides with different redox potentials to assist
electron transfer activities. This synergism is often used in
environmental remediation procedures, where the com-
bined catalytic strength of many metal oxides aids in the

removal of pollutants and pollutants. The characterization
methods, FTIR spectroscopy and X-ray photoelectron spec-
troscopy (XPS) are essential for identifying the composi-
tional and structural subtleties that underlie synergistic
effects. These findings provide important new perspectives
on the interfacial processes and electrical interactions
between different metal oxides [92]. The investigation of
synergistic effects in metal oxides is an area of the frontier
where technical expertise combined with materials science
results in multifunctional nanostructuredmaterials that open
up new avenues for technological breakthroughs across a
range of applications. Figure 1 shows the synergistic interac-
tions among metal oxides, revealing their combined effects
that enhance catalytic and antibacterial properties. It illustrates
the collaborative impact of these materials, paving the way for
multifunctional applications in various fields.

3.4 Mechanistic insights into antimicrobial
activity

Mechanistic information of the antibacterial activity of
nanomaterials requires a thorough understanding of the
complex chemical and cellular interactions that exist between
nanoparticles and microorganisms [93]. The breaking down
of microbial cell membranes is one important way. Because
of their small size and large surface area, nanoparticles may
make direct contact with other materials, which can destabi-
lizemembranes and jeopardize the integrity ofmicrobial cells
[94]. The cellular contents may leak as a consequence of this
physical disturbance, which also causes permeability altera-
tions. Nanomaterials’ production of ROS is another essential
antibacterial mechanism. Inducing cellular damage such as
lipid peroxidation, protein oxidation, and DNA breakage is
one way by which oxidative stress might contribute to the
overall antimicrobial impact. Further enhancing their effec-
tiveness, nanoparticles with intrinsic or induced catalytic
activity contribute to the formation of ROS [95]. The antibac-
terial mechanisms of nanoparticles are further complicated
by their surface functionalization. On the surface of nanopar-
ticles, bioactive compounds or ligands may selectively engage
with microbiological constituents, affecting cellular absorp-
tion and recognition. The antibacterial efficaciousness and
specificity are improved by this focused strategy. Deter-
mining minimum inhibitory concentrations and evaluating
the kinetics of microbial growth are key components of the
quantitative investigation of antibiotic effectiveness [96].
Methods that provide dynamic insights into the kinetics
of nanomaterial-mediated microbial suppression include
live/dead staining and time-kill examinations. Mechanistic
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insights into antimicrobial action are essential for custo-
mizing nanomaterials to particular microbial targets as
researchers explore the molecular details. The integration
of materials science, microbiology, and analytical techni-
ques such as spectroscopic approaches and TEM allows for
a comprehensive comprehension of the nano–bio interac-
tions that determine antimicrobial results.

4 Antioxidant activity of plant-
derived biometallic nanoparticles

Determining the antioxidant activity of biometallic nano-
particles generated from plants entails a thorough investi-
gation of their ability to mitigate oxidative stress and
scavenge ROS. Green chemistry concepts are used in the
synthesis of these nanoparticles, which capitalize on the
intrinsic antioxidant capacity of plant extracts that are rich
in flavonoids and polyphenolic chemical substances [7].

The bioactive moieties found in the plant-mediated synth-
esis are principally responsible for the antioxidative effec-
tiveness; they function as stabilizing and reducing agents
during the production of nanoparticles [97]. These nanoparti-
cles’ biometallic makeup increases their antioxidant activity
by fostering synergistic interactions between differentmetallic
constituents, providing a strong barrier against oxidative
damage. Assays like the ferric reducing antioxidant power
(FRAP) test and the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay are used to quantify antioxidant
activity [98]. These tests assess the nanoparticles’ capacity to
decrease metal ions and neutralize free radicals, respectively.
Advanced spectroscopic methods such as FTIR and UV-Vis
spectroscopy help to decipher the chemical processes behind
the antioxidant action. Through these investigations, the inter-
actions, surface functions, and chemical composition of the
nanoparticle matrix are determined. Understanding the anti-
oxidant characteristics of biometallic nanoparticles generated
from plants is essential for both biomedical uses and opti-
mizing their potential in food preservation and cosmetics

Figure 1: Synergistic effects of metal oxides: enhancing catalytic and antibacterial properties.
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[99]. The complex interactions between metallic nanoparticles
and plant substances highlight the diverse range of antioxi-
dant defences, making these materials attractive options for
treating diseases caused by oxidative stress.

4.1 Role of plant compounds in antioxidant
properties

The complex interaction of phytochemicals, reducing agents,
and stabilizing agents plays a role in the antioxidant capabil-
ities that plants provide to biometallic nanoparticles, hence
enhancing the multifarious antioxidant potential of these
nanostructures [100]. Plant-derived chemicals, including fla-
vonoids and polyphenols, are essential components in the
environmentally friendly production of biometallic nanopar-
ticles. These phytochemicals, which are widely distributed in
different plant extracts, function as strong reducing agents
and help transform metal precursors into nanoparticles. The
capacity of plant chemicals to donate electrons or hydrogen
atoms, neutralizing free radicals and ROS, is thought to be the
source of their antioxidant potential [101]. By severing the
chains that free radicals start, this electron-donating ability
is essential in averting oxidative damage. These plant che-
micals act as stabilizing agents during the production of
nanoparticles, avoiding nanoparticle aggregation and guar-
anteeing colloidal stability [102]. They also promote the
reduction process. Functional groups like hydroxyl and

carbonyl groups that are present in plant chemicals improve
their antioxidant properties and make it easier for them to
interact with metallic nanoparticles. The moment spectro-
scopic methods, such as FTIR spectroscopy, allow certain
functional groups implicated in antioxidant interactions to
be clarified. Moreover, UV-Vis spectroscopy sheds light on
the absorbance traits and electronic transitions suggestive
of the antioxidant capacity of biometallic nanoparticles gen-
erated from plants. Plant chemicals combine synergistically
to synthesize nanoparticles, which reveal a sophisticated
network of antioxidant defences and make these nanopar-
ticles attractive options for use in biotechnology, medicine,
and environmental cleanup [103]. The complex chemical
processes at work highlight how important it is to under-
stand how plant-based molecules function to customize antiox-
idant qualities in the developing area of green nanotechnology.
Figure 2 shows the intricate role of plant compounds in anti-
oxidant properties, showcasing nature’s intricate defence
mechanisms. It highlights the diverse compounds contri-
buting to the antioxidant capacity of plants and their impli-
cations for human health.

4.2 Free radical scavenging mechanisms

Free radical scavenging methods are an essential compo-
nent of antioxidant protection mechanisms that include
complex chemical interactions intended to counteract and
lessen the deleterious effects of free radicals and ROS. The

Figure 2: Role of plant compounds in antioxidant properties: unveiling nature’s defence mechanisms.
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intrinsic antioxidant characteristics of phytochemicals are
responsible for these processes in the context of biometallic
nanoparticles derived from plant components [104]. Plant
extracts are rich in polyphenols and flavonoids, which
operate as electron-donating agents and actively contribute
to the reduction of free radicals. By donating electrons or
hydrogen atoms to stabilize and neutralize these very reac-
tive species, scavenging ROS helps stop oxidative damage to
biomolecules. The metallic constituents of biometallic nano-
particles work in concert to scavenge free radicals. Metals
like copper, zinc, or silver increase catalytic activity, which
makes it easier for reactive species to form and function as
secondary scavengers. The nanoparticles’ total antioxidant
efficaciousness is increased by this synergism [105]. Through
surface adsorption and electron transfer mechanisms, bio-
metallic nanoparticles and free radicals directly interact.
High surface area nanoparticles with certain surface func-
tions show a stronger affinity for ROS and facilitate efficient
scavenging. Tests like 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
radical scavenging tests are used to quantify the effectiveness
of free radical scavenging [106]. These tests evaluate the capa-
city of nanoparticles to squelch and neutralize free radicals,
offering quantifiable insights into their potential as antioxi-
dants. Comprehending the processes involved in scavenging
free radicals at the nano–bio interface is essential in custo-
mizing biometallic nanoparticles with improved antioxidant
capabilities, hence creating opportunities for use in environ-
mental remediation, biomedicine, and other disciplines [107].
Table 3 provides a detailed exploration of free radical scaven-
gingmechanisms exhibited by diverse antioxidant compounds.
It elucidates their sources, biological significance, and potential
applications, offering a comprehensive understanding of their
roles in health, nutrition, and industry.

4.3 Influence of metal oxides on antioxidant
potential

Metal oxides’ effect on antioxidant potential is a result of a
dynamic interaction at the nano–bio interface, where metal
oxides’ inherent characteristics work in concert to alter and
augment the antioxidant capacities of nanomaterials [118].
Zinc oxide (ZnO), titanium dioxide (TiO2), and copper oxide
(CuO) are examples of metal oxides that have unique phy-
sicochemical properties that significantly influence the anti-
oxidant behaviour of nanocomposites [119]. Because metal
oxides are semiconductors, they have special electrical
characteristics that enable the production of charge car-
riers when exposed to light [120]. By encouraging electron

donation and squelching ROS, this photo-induced electron
transfer might increase the antioxidant potential. Metal
oxides’ surface functionalization and modification further
customize how they interact with antioxidant species [121].
The adsorption and stabilization of bioactive chemicals are
influenced by the unique surface chemistry and electronic
states of metal oxides, which enhances their antioxidant
ability. Modulating antioxidant pathways is also significantly
influenced by the redox activity of metal oxides [122]. Rever-
sible redox reactions are facilitated by several metal oxides,
which help antioxidant species regenerate and remain effec-
tive for longer. Assays like the FRAP test and the oxygen
radical absorbance capacity assay are used in the quantitative
evaluation of antioxidant potential [123]. These experiments
shed light on the metal oxide nanocomposites’ overall anti-
oxidant efficiency by reducingmetal ions and scavenging free
radicals. Understanding the complex impact of metal oxides
on antioxidant potential is crucial for optimizing nanomater-
ials in a variety of applications, such as environmental reme-
diation and biomedical devices, where improved antioxidant
properties are critical for preventing oxidative stress and
enhancing cellular health.

5 Biomedical applications

Metal oxide nanoparticles have an extensive number of
uses in biomedicine, making use of their special physico-
chemical characteristics to provide therapeutic, imaging,
and diagnostic capabilities [124]. Metal oxide nanoparticles
are useful agents for computed tomography (CT) and mag-
netic resonance imaging (MRI) in the field of diagnostics
because they naturally enhance contrast. The exact ima-
ging and localization of biological structures are made pos-
sible by their adjustable optical andmagnetic characteristics
[125]. Because metal oxide nanoparticles may encapsulate
and release therapeutic substances in a regulated way,
they are used as drug delivery vehicles in medicine [126].
Targeting ligands or biocompatible polymers may be used to
modify the surface to improve specificity and bioavail-
ability, which guarantees accurate drug delivery to the
intended locations [127]. Metal oxide nanoparticles, espe-
cially iron oxide nanoparticles, are used in hyperthermia
therapy as part of cancer treatment. When exposed to an
external magnetic field, their magnetic qualities allow for the
production of localized hyperthermia, which damages cancer
cells alonewhile preserving healthy tissues untouched. Further-
more, certain metal oxide nanoparticles, including copper and
zinc oxide, have antibacterial qualities that make them useful
for treating infections and covering medical equipment

Metal oxides on the frontlines  13
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surfaces [128]. Metal oxide nanoparticles are useful in tissue
engineering and regenerative medicine because they improve
scaffold characteristics and encourage cell adhesion, prolifera-
tion, and differentiation. Their usefulness in the creation of
biomimetic materials stems from their biocompatibility and
capacity to alter biological reactions. TEM, XPS, and DLS are
characterization methods that are essential for evaluating the
stability and physicochemical characteristics of metal oxide
nanoparticles for use in biomedical applications [129]. These
nanoparticles’ diverse contributions highlight their promise as
adaptable instruments in improving medical treatments, diag-
nostics, and regenerative techniques.

5.1 Drug delivery systems

Metal oxide nanoparticle-based drug delivery systems have
become modern platforms that are transforming the phar-
maceutical industry with their targeted distribution,
improved bioavailability, and customized release kinetics
[130]. Metal oxide nanoparticles have special physicochem-
ical characteristics that make them excellent options for
drug encapsulation and release, including a large surface
area, variable surface charge, and variable size [131]. Meso-
porous silica, iron oxide, and zinc oxide are a few examples
of metal oxide nanoparticles that provide a flexible matrix
for drug delivery. These nanoparticles’ mesoporous shape
allows for substantial drug loading capacities, while surface
modifications with ligands or polymers improve stability
and biocompatibility. Numerous processes, including diffu-
sion, degradation, and stimuli-responsive release prompted
by environmental variables like pH, temperature, or parti-
cular biomolecules, may be used to accomplish controlled
drug release [132]. This release kinetic accuracy minimizes
negative effects and guarantees maximum therapeutic effec-
tiveness. By functionalizing metal oxide nanoparticles with
ligands that recognize certain receptors on target cells, tar-
geted medication administration is accomplished [133]. By
improving medication accumulation in targeted areas, this
active targeting strategy lowers systemic toxicity and unde-
sirable side effects. In order to understand the structure,
content, and morphology of drug-loaded metal oxide nano-
particles, characterization methods, including NMR, SEM,
and (FTIR spectroscopy are essential [134]. Metal oxide nano-
particles’ adaptability is leveraged by the combination of
nanotechnology with pharmaceuticals in drug delivery sys-
tems, offering a customized and advanced treatment strategy.
The combination of biological compatibility and technological
accuracy puts metal oxide-based drug delivery systems at
the forefront of pharmaceutical research advancement and
patient care.

5.2 Implant coatings and biocompatibility

Implant coatings are essential for improving the biocom-
patibility and functionality of medical implants by redu-
cing problems with implant integration and host reaction.
Metal oxide coatings, such as hydroxyapatite (HA) and tita-
nium oxide (TiO2), have remarkable osteoconductive and
biocompatibility, which encourage osseointegration and
lower implant rejection risk [135]. Metal oxide coatings
are meticulously developed to modify their surface qualities
in order to regulate their interactions with surrounding
biological tissues. Improved cell adhesion, proliferation, and
differentiation aremade possible by nanoscale surface rough-
ness, regulated porosity, and customized surface charge
[136]. This promotes the development of a stable interface
between the implant and host tissues. Metal oxide coatings
may be enhanced with bioactive capabilities, such as growth
factors or peptides, which accelerate tissue regeneration and
enhance cellular responses. By creating a customized micro-
environment that supports certain cellular behaviours, these
biofunctionalized coatings improve tissue integration. Elec-
trochemical methods, chemical vapour deposition, and
plasma spraying are examples of advanced deposition tech-
niques that are used to guarantee the accurate and consis-
tent application of metal oxide coatings on implant surfaces
[137]. The shape, content, and adherence of the coating are
evaluated by characterization methods such as AFM, SEM,
and XPS. Evaluations of biocompatibility include both
in vitro and in vivo research that examine immunological
responses, tissue integration, and cellular responses [138].
The capacity of metal oxide coatings to regulate inflamma-
tory reactions and cultivate an environment conducive to
tissue regeneration highlights its pivotal function in aug-
menting the durability and efficacy of medical implants.
The ongoing improvement of metal oxide coating techni-
ques is a leading edge in implant technology advancement
for improved patient outcomes.

5.3 Wound healing and tissue regeneration

Due to their ability to orchestrate complex biological
responses via their unique physicochemical features, metal
oxide nanoparticles have become highly promising agents
in the field of wound healing and tissue regeneration [139]. It
has been shown that adding metal oxide nanoparticles,
including titanium dioxide (TiO2) or zinc oxide (ZnO), to
scaffolds and wound dressings may promote the most effec-
tive potential wound healing results. Certain metal oxide
nanoparticles have antibacterial qualities that aid in infec-
tion management by halting bacterial colonization and
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fostering a sterile wound environment. These nanoparticles
also have anti-inflammatory properties, which work by reg-
ulating immune responses to minimize excessive inflamma-
tion and create an environment that is favourable for tissue
healing. Angiogenesis, the process of creating new blood
vessels that are essential for delivering nutrition and oxygen
to healing tissues, is greatly aided by metal oxide nanopar-
ticles [140]. Improved blood vessel creation is a result of
their capacity to upregulate endothelial cell proliferation
and increase the production of vascular endothelial growth
factor. Further enhancing tissue regeneration is the con-
trolled release of growth hormones, medicines, or bioactive
compounds from metal oxide-based wound dressings. The
precise administration of therapeutic drugs, which encourage
cell migration, proliferation, and extracellular matrix forma-
tion, is made possible by nanoparticles with variable release
kinetics [141]. Molecular biology experiments, TEM, SEM, and
other characterization methods provide light on the struc-
tural integrity of scaffolds loaded with nanoparticles and
how they affect cellular activity. Assessments of biocompat-
ibility, such as in vivo wound healing models and in vitro cell
viability experiments, confirm the safety and effectiveness of
metal oxide nanoparticles in tissue regeneration applications.
Metal oxide nanoparticles are essential to the advancement of
wound healing and tissue regeneration because of the syner-
gistic interaction between nanotechnology and regenerative
medicine.

6 Environmental remediation
potential

Metal oxide nanoparticles exhibit tremendous potential for
environmental remediation; they are useful instruments
for dealing with a wide range of toxins and pollutants.
Metal oxides, such as iron oxide (Fe2O3), zinc oxide (ZnO),
and titanium dioxide (TiO2), have unique physicochemical
characteristics that make them useful in a number of reme-
diation techniques [142]. Using metal oxide nanoparticles’
photocatalytic activity in the presence of UV or visible light,
photocatalytic degradation is a popular method for elimi-
nating organic contaminants from water and air. TiO2’s
photocatalytic effectiveness makes it easier for organic
molecules to break down into safe byproducts [143]. By
means of ion exchange and adsorption processes, metal
oxide nanoparticles play a crucial role in heavy metal
cleanup. Metal oxides’ large surface area and unique sur-
face functions increase their affinity for binding heavy
metal ions, which helps remove pollution from aqueous
solutions. Certain metal oxide nanoparticles, like ZnO,

have antibacterial qualities that are used in water treat-
ment to disinfect. The toxicity of the nanoparticles towards
microorganisms helps to manage watery illnesses. More-
over, by immobilizing or changing pollutants, metal
oxide nanoparticles aid in the rehabilitation of soil
[144]. Fe2O3 nanoparticles, for example, may take part
in adsorption, precipitation, or redox reactions in order
to clean up polluted soils. Advanced analytical methods
such as electron microscopy, XPS, and X-ray absorption
spectroscopy are used to fully characterize metal oxide
nanoparticles and how they interact with contaminants.
The main variables in determining the effectiveness of
metal oxide nanoparticles for environmental cleanup
are their regulated production and surface modification
[145]. The many properties of metal oxide nanoparticles
make them adaptable and viable tools for reducing
pollution and developing environmentally friendly
remediation solutions, even in the face of continuing
environmental concerns.

6.1 Nanoparticles in environmental cleanup

Nanoparticles have the potential to substantially transform
methods for cleaning up the environment by offering novel
approaches to reducing pollution and restoring polluted
areas [146]. There are several different ways that nanopar-
ticles are used in environmental remediation, including
metal oxides, carbon-based nanomaterials, and nanocom-
posites [147]. Metal oxide nanoparticles, such as iron oxide
(Fe2O3) and titanium dioxide (TiO2), have photocatalytic
qualities that may be used to break down organic contami-
nants in water and air. Because these nanoparticles are
semiconductors, photocatalysis, which breaks down pollu-
tants into less hazardous chemicals when exposed to light,
is made possible. Graphene and CNTs are two examples of
carbon-based nanomaterials that help clean up the envir-
onment because of their remarkable adsorption abilities.
These nanoparticles have the ability to target and extract
heavy metals and organic compounds from water and air
matrices [148]. Through the combination of various nano-
particles or their integration with supporting matrices,
nanocomposites improve the overall performance of envir-
onmental remediation solutions. For example, graphene
oxide-based nanocomposites exhibit flexibility in cleaning
applications since they may be engineered to adsorb and
remove a broad spectrum of contaminants. The optimiza-
tion of nanoparticle performance in environmental cleaning
is contingent upon the implementation of functionalization
and surface changes [149]. Nanoparticles may have their
stability, reactivity, and selectivity for certain pollutants
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improved by customizing their surface attributes. To ensure
that nanoparticles are efficient in environmental cleaning
applications, characterization techniques, including XRD,
TEM, and spectroscopic approaches, are essential for evalu-
ating the structural and chemical characteristics of the parti-
cles. The incorporation of nanoparticles into cleaningmethods
is a viable path towards effective and long-lasting remediation
solutions, even in light of the ongoing problem of environ-
mental contamination [150]. The persistent progress in
nanotechnology presents unparalleled prospects for tackling
intricate environmental concerns and progressing towards a
more robust and sustainable future.

6.2 Biological remediation strategies

Biological remediation techniques are advanced methods
of cleaning up the environment that use the power of
microorganisms and their metabolic processes. Because of

their special characteristics for targeted distribution, increased
microbial activity, and greater bioavailability of nutrients and
pollutants, nanoparticles are essential for improving the effec-
tiveness of biological remediation procedures [151]. As carriers
of microbial consortia or bioactive substances, metal oxide
nanoparticles such as zinc oxide (ZnO) and titanium dioxide
(TiO2) contribute to biological remediation. By enabling regu-
lated release mechanisms, these nanoparticles guarantee
long-term microbial activity and provide an ideal habitat for
disposal [152]. Certain metal oxide nanoparticles have antibac-
terial qualities that help biological remediation efforts by lim-
iting the growth of harmful microorganisms. This guarantees
that the microbial consortia’s integrity will not be compro-
mised while the remediation process stays concentrated on
the intended pollutants. Functionalized nanoparticles allow
for tailored interactions with microbial populations by modi-
fying their surface with certain biomolecules or ligands [153].
Encouraging the adhesion and growth of advantageous micro-
organisms in polluted settings improves the specificity and
efficacy of biological remediation techniques. Nanoparticles

Figure 3: Biological remediation strategies: Harnessing nature’s potential for environmental cleanup.
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help to increase microbial survival and activity in in situ bior-
emediation, which applies microorganisms directly to the pol-
luted site. Microbial inoculants are carried by nanoparticles,
which shields them from unfavourable environmental condi-
tions and allows them to continue working throughout the
procedure of repair [154]. Metagenomics, molecular biology
tools, and nanoscale imaging are a few examples of advanced
analytical approaches that are essential for monitoring and
assessing the dynamics of microbial communities inter-
acting with nanoparticles in environmental matrices. A pos-
sible option for improving the effectiveness and accuracy of
microbial-driven processes for the long-term regeneration
of damaged ecosystems is the use of nanoparticles in biolo-
gical remediation procedures. Figure 3 elucidates the diverse
biological remediation strategies employed to harness nature’s
potential for effective environmental cleanup. It visualizes
the intricate processes and organisms involved in bioremedia-
tion, showcasing sustainable solutions for addressing environ-
mental contaminants.

6.3 Sustainability and eco-friendly
approaches

The development and use of nanoparticles in multiple
industries need careful consideration of sustainability and
environmentally friendly techniques. Sustainable nanotech-
nology is based on the green production of nanoparticles
using bio-derived reducing agents and environmentally
secure processes [155]. This method reduces the amount of
dangerous chemicals used, saves energy, and lessens the
environmental impact of producing nanoparticles. By redu-
cing long-term environmental effects, the use of biocompa-
tible and biodegradable nanoparticles in environmental
applications promotes sustainability [156]. Natural or biopo-
lymer-based nanoparticles are examples of nanomaterials
with intrinsically green properties that support environ-
mental compatibility and conform to green chemistry con-
cepts. Cleaner and renewable energy solutions may be
developed more easily when nanoparticles are included in
sustainable technology like solar cells and energy storage
devices. Improved catalytic activity nanomaterials are also
helpful in advancing sustainable energy conversion techni-
ques. In the field of medicine, the creation of environmen-
tally friendly drug delivery systems based on nanoparticles
not only enhances therapeutic results but also reduces the
environmental effect of conventional pharmaceutical for-
mulations [157]. The total environmental friendliness of
treatment delivery systems is enhanced by the use of biode-
gradable nanocarriers and biomaterials derived from sus-
tainable sources. Lifecycle evaluations are essential for

assessing the sustainability of applications based on nano-
particles since they include indicators like energy usage and
carbon footprint [158]. Through the promotion of material
recycling and the reduction of waste creation, the integra-
tion of nanotechnology with the concepts of the circular
economy further promotes sustainability. In order to achieve
sustainability in nanotechnology, multidisciplinary coopera-
tion is required, combining the ideas of environmental engi-
neering, materials science, and green chemistry. It is essential
to use environmentally friendly methodologies in nanopar-
ticle applications and research to maximize the promise of
nanotechnology while reducing its negative effects on the
environment.

7 Challenges and future directions

The rapid progress in investigating the nature of nanopar-
ticles brings with it a variety of difficulties that need careful
thought in order to achieve future goals and integrate nano-
technology sustainably into many sectors. Gaining a thorough
knowledge of the possible toxicity and long-term environ-
mental effects linked to the manufacture and use of nanopar-
ticles is an important goal. In order to fully understand the
complex processes behind nanoparticle interactions with bio-
logical systems and ecosystems, modern analytical approaches
such as high-throughput omics analysis and in vivo imaging
must be refined via multifaceted cooperation [3]. Large-scale
industrial applications of laboratory-scale accomplishments
are severely hindered by the scalability and repeatability of
nanoparticle fabrication procedures. It is still very difficult to
ensure that nanoparticles with the appropriate qualities are
consistently produced while following the principles of green
synthesis; this calls for creative technical solutions and strong
quality control procedures. To advance safe and effective ther-
apeutic applications, it is imperative in the biomedical domain
to address the intricacies of nanoparticle interactions with
biological entities, including off-target effects and immuno-
genic reactions. The customization of nanoparticles for distinct
biomedical purposes necessitates accuracy in structure, func-
tionalization of the surface, and regulated release rates [4].
This calls for novel techniques in nanomedicine and indivi-
dualized treatment plans. Concerns about unexplained ecolo-
gical repercussions and the fate and transport of nanoparticles
in complex matrices pose hurdles to their use in environ-
mental applications. It is essential to create prediction models
that take into consideration the dynamic behaviour of nano-
particles in various environmental conditions in order to
establish remediation solutions that are both ecologically
acceptable and effective. The ethical and regulatory aspects
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related to nanotechnology need ongoing examination and
improvement [6]. Ensuring the appropriate development
and deployment of nanoparticle-based technologies requires
the establishment of comprehensive regulatory frameworks,
ethical principles, and risk assessment methods. Overcoming
these challenges through working together in materials
science, biology, engineering, and regulatory science are the
future paths of nanoparticle research [7]. Technological devel-
opments in real-time monitoring, predictive modelling, and
precise synthesis are essential for managing the challenges
posed by nanoparticles. Nanotechnology will continue to
advance towards safe, significant, and ecologically conscious
uses in a variety of fields as long as ethical issues, sustainable
methods, and multidisciplinary cooperation are emphasized.

8 Conclusion

In conclusion, biometallic nanoparticles prepared from
both plant extracts and metal oxide have been reported
to have broad antimicrobial activities and could thus be
exploited for numerous applications. These nanoparticles
harness the distinctive properties of metal oxides, including
high surface area and the potential to generate ROS, to
reveal potent antibacterial, antifungal, and antiviral activity
while selectively sparing host mammalian cells. Treating
plant extracts used in their fabrication process is a well-applic-
able, eco-friendly, sustainable strategy and thus increases their
biocompatibility and efficacy due to the natural biological
activities of phytochemicals. Plant-derived phytochemicals
are also indispensable for the green synthesis of these nano-
particles as they are assumed to play a dual role in the synth-
esis, reducing the metal ions and capping the nanoparticle
surface. This dual function promotes the formation of nano-
particles in a controlled manner with well-defined morpholo-
gies, a feature known to be crucial for their antimicrobial
activity. The green synthesis of GNPs also significantly com-
plies with the current prerequisite for the development of
sustainable nanotechnological solutions. Antimicrobial action:
Mechanisms of action are complex, comprising damage of
microbial cell membranes, production of ROS, blocking micro-
bial DNA replication, and protein synthesis. This combination
of mechanisms provides multiple points of attack that poten-
tial pathogens cannot learn to fend off, an advantage over
traditional antimicrobial agents. Biometallic nanoparticle flex-
ibility allows them to be incorporated into a plethora of mate-
rials like medical devices, coatings, packaging materials, and
more where the antimicrobial character is desired. This is a
natural way to prevent microbial contamination and infec-
tion, making them highly useful in medical and environ-
mental applications. Moving forward, more work is needed

to optimize the synthesis parameters for directed characteris-
tics of the particle’s parameters for specificity-directed antimi-
crobial applications. Live animal studies and full toxicity
testing will need to be conducted to verify safety and effec-
tiveness and get it ready for use in the clinic and on the
market. Finally, plant-synthesized biometallic nanoparticles
with metal oxide nanoparticles are a significant class of bio-
metallic nanoparticles for the development of antimicrobial
technology. Hence, the green synthesis, highly efficient anti-
microbial activity, and general applications of a various range
indicate that the compounds are valuable in the face of cur-
rent and resistance against the few novel infectious germs;
they are expected to play a role in keeping pace with public
health and environmental sustainability.

Funding information: The authors state no funding involved.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: The authors state no conflict of interest.

Data availability statement: All data generated or analysed
during this study are included in this published article.

References

[1] Cuong HN, Pansambal S, Ghotekar S, Oza R, Thanh Hai NT,
Viet NM, et al. New frontiers in the plant extract mediated bio-
synthesis of copper oxide (CuO) nanoparticles and their potential
applications: A review. Environ Res. 2022;203:111858.

[2] Nguyen DT, Van Tran T, Nguyen TT, Nguyen DH, Alhassan M,
Lee T. New frontiers of invasive plants for biosynthesis of nano-
particles towards biomedical applications: A review. Sci Total
Environ. 2023;857:159278.

[3] Bhattacharjee R, Kumar L, Mukerjee N, Anand U, Dhasmana A,
Preetam S, et al. The emergence of metal oxide nanoparticles
(NPs) as a phytomedicine: A two-facet role in plant growth, nano-
toxicity and anti-phyto-microbial activity. Biomed Pharmacother.
2022;155:113658.

[4] Zena Y, Periyasamy S, Tesfaye M, Tumsa Z, Jayakumar M,
Mohamed BA, et al. Essential characteristics improvement of
metallic nanoparticles loaded carbohydrate polymeric films -
A review. Int J Biol Macromol. 2023;242:124803.

[5] Gonfa YH, Tessema FB, Bachheti A, Rai N, Tadesse MG, Nasser
Singab A, et al. Anti-inflammatory activity of phytochemicals from
medicinal plants and their nanoparticles: A review. Curr Res
Biotechnol. 2023;6:100152.

[6] Chaudhary J, Tailor G, Yadav M, Mehta C. Green route synthesis of
metallic nanoparticles using various herbal extracts: A review.
Biocatal Agric Biotechnol. 2023;50:102692.

[7] Salem MZM, EL-Hefny M, Ali HM, Abdel-Megeed A,
El-Settawy AAA, Böhm M, et al. Plants-derived bioactives: Novel

Metal oxides on the frontlines  19



utilization as antimicrobial, antioxidant and phytoreducing
agents for the biosynthesis of metallic nanoparticles. Microb
Pathog. 2021;158:105107.

[8] Chouhan D, Mandal P. Applications of chitosan and chitosan
based metallic nanoparticles in agrosciences – A review. Int J Biol
Macromol. 2021;166:1554–69.

[9] Mishra P, Faruqui T, Akhtar S, Nadeem I, Khan I, Wabaidur SM,
et al. Antiproliferative activity of gold and silver nanoparticles
fabricated using bark extract of Murraya koenigii. J Drug Deliv Sci
Technol. 2023;89:105014.

[10] Nalawade SA, Shinde B, Chaudhari S, Badhe MS, Kadam VK,
Chaskar MG, et al. A review on biosynthesis and applications of
various nanoparticles using extracts of medicinal plant Tribulus
terrestris. Mater Today Proc. 2023;73:427–30.

[11] Chandra H, Kumari P, Bontempi E, Yadav S. Medicinal plants:
Treasure trove for green synthesis of metallic nanoparticles and their
biomedical applications. Biocatal Agric Biotechnol. 2020;24:101518.

[12] Khan S, Zahoor M, Sher Khan R, Ikram M, Islam NU. The impact of
silver nanoparticles on the growth of plants: The agriculture
applications. Heliyon. 2023;9(6):e16928.

[13] Bilal M, Ashraf SS, Cui J, Lou WY, Franco M, Mulla SI, et al.
Harnessing the biocatalytic attributes and applied perspectives of
nanoengineered laccases – A review. Int J Biol Macromol.
2021;166:352–73.

[14] Madkhali OA. A comprehensive review on potential applications
of metallic nanoparticles as antifungal therapies to combat
human fungal diseases. Saudi Pharm J. 2023;31(9):101733.

[15] de Jesus RA, de Assis GC, Oliveira RJ, de, Costa JAS, da Silva CMP,
Iqbal HMN, et al. Metal/metal oxide nanoparticles: A revolution in
the biosynthesis and medical applications. Nano-Structures &
Nano-Objects. 2024;37:101071.

[16] Arshad R, Razlansari M, Maryam Hosseinikhah S, Tiwari Pandey A,
Ajalli N, Ezra Manicum AL, et al. Antimicrobial and anti-biofilm
activities of bio-inspired nanomaterials for wound healing appli-
cations. Drug Discov Today. 2023;28(9):103673.

[17] Klippel MS, Martins MF. Physicochemical assessment of waxy
products directly recovered from plastic waste pyrolysis: Review
and synthesis of characterization techniques. Polym Degrad Stab.
2022;204:110090.

[18] Tessema B, Gonfa G, Hailegiorgis SM, Venkatesa Prabhu S.
Synthesis and characterization of biosilica gel produced from teff
(Eragrostis tef) straw using the sol-gel technique. Bioresour
Technol Reports. 2023;22:101497.

[19] Sun H, Feng Y, Lei B, Yin X, Wu B. Molecular simulation of the
effects of water on the interface of plant fiber/polyvinyl alcohol
(PVA) composites prepared by dry preparation method (DPM).
J Mol Liq. 2023;391:123174.

[20] Karipoğlu F, Ozturk S, Efe B. A GIS-based FAHP and FEDAS analysis
framework for suitable site selection of a hybrid offshore wind
and solar power plant. Energy Sustain Dev. 2023;77:101349.

[21] Lai Z, Sun Y, Yu Y, Liu Z, Bai Y, Qiao Y, et al. Plant selection and
ecological microhabitat drive the shrub-associated microbiome
selection in revegetated shrub ecosystems. Appl Soil Ecol.
2023;190:105023.

[22] Bhardwaj K, Singh AK. Bio-waste and natural resource mediated
eco-friendly synthesis of zinc oxide nanoparticles and their
photocatalytic application against dyes contaminated water.
Chem Eng J Adv. 2023;16:100536.

[23] Yang J, Ju P, Dong X, Duan J, Xiao H, Tang X, et al. Green synthesis
of functional metallic nanoparticles by dissimilatory metal-

reducing bacteria “Shewanella”: A comprehensive review. J Mater
Sci Technol. 2023;158:63–76.

[24] Andiyappan K, Ramalingam S. Intensification of Bio-synthesis of
Zirconium Oxide (ZrO2) nanoparticles derived from novel
Crescentia Cujete fruits: Effects on diesel engine characteristics
powered by Waste Engine oil methyl ester-Diesel blend. Chem
Eng Process - Process Intensif. 2023;195:109642.

[25] Huang Y, Mosleh I, Abbaspourrad A. Impact of protein/peptide
templates on metallic nanoparticle synthesis and applications.
Nano-Structures & Nano-Objects. 2022;30:100864.

[26] Nagar S, Raizada S, Tripathee N. A review on various green
methods for synthesis of Schiff base ligands and their metal
complexes. Results Chem. 2023;6:101153.

[27] Hu F, Hu Y, Tong J, Li L, Hong F, Zhang J, et al. Synthesis of an
efficient Mn4+-doped fluoride red phosphor with excellent fluor-
escence stability by green synthesis method for warm WLED. Opt
Mater (Amst). 2023;142:114129.

[28] Moghadam Farid S, Moazzam A, Pedrood K, Dashti Y, Hosseini S,
Larijani B, et al. A facile, one-pot, and green method for synthesis
of 2-Aryl-3-(phenylamino)dihydroquinazolin-4(1h)-one derivatives
using sodium lauryl sulfate (SLS) in aqueous media at the room
temperature. Polycycl Aromat Compd. 2023.

[29] Karthick Raja Namasivayam S, Srinivasan S, Samrat K,
Priyalakshmi B, Dinesh Kumar R, Bharani A, et al. Sustainable
approach to manage the vulnerable rodents using eco-
friendly green rodenticides formulation through
nanotechnology principles – A review. Process Saf Environ Prot.
2023;171:591–606.

[30] Zhang Y, Huang Y, Huo F, Zhao C, Yin C. A green method for the
synthesis of coumarin dye and its application to hypochlorite
recognition. Dye Pigment. 2022;201:110223.

[31] El-Sheekh MM, Morsi HH, Hassan LHS, Ali SS. The efficient role of
algae as green factories for nanotechnology and their vital
applications. Microbiol Res. 2022;263:127111.

[32] Kumar S, Foroozesh J. Chitin nanocrystals based complex fluids:
A green nanotechnology. Carbohydr Polym. 2021;257:117619.

[33] Gupta A, Rayeen F, Mishra R, Tripathi M, Pathak N.
Nanotechnology applications in sustainable agriculture:
An emerging eco-friendly approach. Plant Nano Biol.
2023;4:100033.

[34] Wang C, Sun S, Wang P, Zhao H, Li W. Nanotechnology-based
analytical techniques for the detection of contaminants in aquatic
products. Talanta. 2024;269:125462.

[35] Ameta RK, Malik P, Korgaokar S, Vanzara P, Soni K. Contemporary
advances in the plant resources mediated synthesis of copper
oxide nanoparticles: Insights on structure-function-workability
understanding. Plant Nano Biol. 2024;7:100065.

[36] Shahid-ul-Islam Bairagi S, Kamali MR. Review on green biomass-
synthesized metallic nanoparticles and composites and their
photocatalytic water purification applications: Progress and per-
spectives. Chem Eng J Adv. 2023;14:100460.

[37] Horne J, De Bleye C, Lebrun P, Kemik K, Van Laethem T, Sacré PY,
et al. Optimization of silver nanoparticles synthesis by chemical
reduction to enhance SERS quantitative performances: Early
characterization using the quality by design approach. J Pharm
Biomed Anal. 2023;233:115475.

[38] Alizadeh N, Yoosefian J. Chemical reduction as a facile colori-
metric approach for selective TNT detection by spectrophoto-
metry and photothermal lens spectroscopy. Talanta.
2023;257:124334.

20  Anbarasu Krishnan et al.



[39] Kanti Das S, Chatterjee S, Banerjee A, Kumar G, Kumar Patra A,
Sundar Dey R, et al. A novel chemical approach for synthesizing
highly porous graphene analogue and its composite with Ag
nanoparticles for efficient electrochemical oxygen reduction.
Chem Eng J. 2023;451:138766.

[40] Bibi A, Chen CY, Huang KN, Sathishkumar N, Chen HT, Lin YF, et al.
Comparative study on the H2S gas-sensing properties of gra-
phene aerogels synthesized through hydrothermal and chemical
reduction. J Taiwan Inst Chem Eng. 2023;105155.

[41] Patil RM, Deshpande PP, Aalhate M, Gananadhamu S, Singh PK.
An Update on Sophisticated and Advanced Analytical Tools for
Surface Characterization of Nanoparticles. Surfaces and
Interfaces. 2022;33:102165.

[42] Deon M, dos Santos J, de Andrade DF, Beck RCR. A critical review
of traditional and advanced characterisation tools to drive for-
mulators towards the rational development of 3D printed oral
dosage forms. Int J Pharm. 2022;628:122293.

[43] Kim SY, Park JW, Noh JH, Bae YH, Maeng SK. Potential organic
matter management for industrial wastewater guidelines using
advanced dissolved organic matter characterization tools. J Water
Process Eng. 2022;46:102604.

[44] Niehaus P, Gonzalez de Vega R, Haindl MT, Birkl C, Leoni M, Birkl-
Toeglhofer AM, et al. Multimodal analytical tools for the mole-
cular and elemental characterisation of lesions in brain tissue of
multiple sclerosis patients. Talanta. 2023;125518.

[45] Singh S, Sarma DK, Verma V, Nagpal R, Kumar M. Unveiling the
future of metabolic medicine: omics technologies driving perso-
nalized solutions for precision treatment of metabolic disorders.
Biochem Biophys Res Commun. 2023;682:1–20.

[46] Wu J, Ihsan-Ul-Haq M, Chen Y, Kim JK. Understanding
solid electrolyte interphases: Advanced characterization
techniques and theoretical simulations. Nano Energy.
2021;89:106489.

[47] Ross NS, Gupta MK, Mashinini PM, Ananth MBJ, Królczyk GM.
Performance assessment of carbon dots based nano cutting
fluids in improving the machining characteristics of additively
manufactured 316L stainless steel. J Mater Res Technol.
2023;27:1473–84.

[48] Wider W, Gao Y, Chan CK, Lin J, Li J, Tanucan JCM, et al. Unveiling
trends in digital tourism research: A bibliometric analysis of co-
citation and co-word analysis. Environ Sustain Indic.
2023;20:100308.

[49] Annosi MC, Capo F, Appio FP, Bedetti I. Unveiling micro-founda-
tions of digital transformation: Cognitive models, routines, and
organizational structures in agri-food SMEs. Technol Forecast Soc
Change. 2023;197:122922.

[50] Shen Q, Liu Y, Jiao L, Qu X, Chen J. Current state-of-the-art char-
acterization techniques for probing the layered oxide cathode
materials of sodium-ion batteries. Energy Storage Mater.
2021;35:400–30.

[51] Kuru K. Management of geo-distributed intelligence: Deep
Insight as a Service (DINSaaS) on Forged Cloud Platforms (FCP).
J Parallel Distrib Comput. 2021;149:103–18.

[52] Zhang R, Chen B, Zhang H, Tu L, Luan T. Stable isotope-based
metabolic flux analysis: A robust tool for revealing toxicity path-
ways of emerging contaminants. TrAC Trends Anal Chem.
2023;159:116909.

[53] LorenzoG, Di, Yadiyal, K, Sustainable. power system planning for
India: insights from a modelling and simulation perspective.
Energy Nexus. 2023;100261.

[54] Iqbal A, El-Kadri OM, Hamdan NM. Insights into rechargeable Zn-
air batteries for future advancements in energy storing tech-
nology. J Energy Storage. 2023;62:106926.

[55] Rath M, Friessnegger B, Angerer P, Raninger P, Stanojevic A,
Kozeschnik E. In-situ characterization method for the delta phase
precipitation kinetics in the nickel-base alloy 718 using high-
temperature X-ray diffraction (HT-XRD) techniques. Mater
Charact. 2023;206:113382.

[56] Shitu IG, Katibi KK, Taura LS, Muhammad A, Chiromawa IM,
Adamu SB, et al. X-ray diffraction (XRD) profile analysis and
optical properties of Klockmannite copper selenide nanoparticles
synthesized via microwave assisted technique. Ceram Int.
2023;49(8):12309–26.

[57] Whba F, Mohamed F, Md Rosli NRA, Abdul Rahman I, Idris MI. The
crystalline structure of gadolinium oxide nanoparticles (Gd2O3-
NPs) synthesized at different temperatures via X-ray diffraction
(XRD) technique. Radiat Phys Chem. 2021;179:109212.

[58] Serafińczuk J, Rudno-Rudziński W, Gawełczyk M, Podemski P,
Parzyszek K, Piejko A, et al. High-resolution X-ray diffraction to
probe quantum dot asymmetry. Measurement. 2023;221:113451.

[59] Wilson BK, Prud’homme RK. Nanoparticle size distribution
quantification from transmission electron microscopy (TEM) of
ruthenium tetroxide stained polymeric nanoparticles. J Colloid
Interface Sci. 2021;604:208–20.

[60] Xu P, Hua X, Shen C, Mou G, Li F. Formation of Fe5Si3 precipitate
in the Fe2Al5 intermetallic layer of the Al/steel dissimilar arc
welding joint: A transmission electron microscopy (TEM) study.
Mater Charact. 2021;178:111236.

[61] Iwamoto C, Ohtani Y, Hamada K. Microstructure variation in the
ultrasonic bonding process between Al sheets observed by in-situ
transmission electron microscopy. Scr Mater. 2023;234:115560.

[62] Stangebye S, Liu X, Daza Llanos L, Yang Y, Zhu T, Kacher J, et al.
Comparison of electrical sensing and image analysis for in situ
transmission electron microscopy nanomechanical testing of thin
films. Thin Solid Films. 2023;787:140125.

[63] Gandhi K, Sharma R, Seth R, Ramani A, Mann B. Mineral oil
detection in ghee using attenuated total reflectance-fourier
transform infrared spectroscopy (ATR-FTIR) in conjunction with
chemometrics. Food Humanit. 2023;1:1523–30.

[64] Chen L, Yang S, Nan Z, Li Y, Ma J, Ding J, et al. Detection of dextran,
maltodextrin and soluble starch in the adulterated Lycium bar-
barum polysaccharides (LBPs) using Fourier-transform infrared
spectroscopy (FTIR) and machine learning models. Heliyon.
2023;9(6):e17115.

[65] Giglio C, Yang Y, Kilmartin P. Analysis of phenolics in New Zealand
Pinot noir wines using UV-visible spectroscopy and chemo-
metrics. J Food Compos Anal. 2023;117:105106.

[66] Li L, Li M, Cui Q, Liu Y, Chen Y, Wang Y, et al. Rapid monitoring of
black tea fermentation quality based on a solution-phase sensor
array combined with UV-visible spectroscopy. Food Chem.
2022;377:131974.

[67] Cui Y, Lai G, Wen M, Han Z, Zhang L. Identification of low-mole-
cular-weight color contributors of black tea infusion by metabo-
lomics analysis based on UV–visible spectroscopy and mass
spectrometry. Food Chem. 2022;386:132788.

[68] Hussaini IM, Oyewole OA, Sulaiman MA, Dabban AI, Sulaiman AN,
Tarek R. Microbial anti-biofilms: types and mechanism of action.
Res Microbiol. 2023;104111.

[69] Pawar CA, Sharma AK, Prasad NR, Suryawanshi SS,
Nazeruddin GM, Shaikh VS, et al. A comparative study on anti-

Metal oxides on the frontlines  21



microbial efficacies of biologically synthesized nano gold using
Bos taurus indicus urine with pharmaceutical drug sample. Curr
Res Green Sustain Chem. 2022;5:100311.

[70] Tsai PW, Aledia MRGG, De Castro-Cruz KA, Garcia PJB, Shen CJ,
Hsueh CC, et al. Exploring promising electron-shuttling charac-
teristics of Perilla frutescens and potential anti-viral activity via
bioenergy generation in microbial fuel cells. Sustain Chem
Pharm. 2023;34:101141.

[71] Kumar A, Singh BR, Prakash SNJ, Kumar S, Bhagirathi, Ahuja D,
et al. Study of antimicrobial efficacy of garlic oil loaded ethosome
against clinical microbial isolates of diverse origin. J Herb Med.
2024;43:100824.

[72] Shen P, Jiang X, Zhang J, Wang J, Raj R, Li G, et al. Isolation and
microbial transformation of tea sapogenin from seed pomace of
Camellia oleifera with anti-inflammatory effects. Chin J Nat Med.
2024;22(3):280–8.

[73] Liu W, Pi Z, Wang X, Shang C, Song C, Wang R, et al. Microbiome
and lung cancer: carcinogenic mechanisms, early cancer diag-
nosis, and promising microbial therapies. Crit Rev Oncol Hematol.
2024;196:104322.

[74] Hamouda HI, Selim MS, Higazy SA, Shabana S, Hao Z, Liu C. Novel
nanoblades of graphene oxide decorated with zinc oxide nano-
composite as a powerful anti-microbial active weapon. Synth Met.
2023;296:117349.

[75] Belabid J, Öztop HF. Nanofluid thermo-bio-convection in a hori-
zontal porous wavy-walled annulus: Interaction of phototactic
microorganisms and nanoparticles distribution. Int J Heat Mass
Transf. 2023;215:124476.

[76] Hussain Z, Khan WA, Ali M, Waqas M, Kebail I, Abbas SZ.
Chemically reactive magnetized tangent hyperbolic
bidirectional nanofluid flow subject to interaction of gyrotactic
moment of microorganisms and nanoparticles. Tribol Int.
2023;187:108659.

[77] Wen J, Gao F, Liu H, Wang J, Xiong T, Yi H, et al. Metallic nano-
particles synthesized by algae: synthetic route, action
mechanism, and the environmental catalytic applications.
J Environ Chem Eng. 2023;111742.

[78] Singh NA, Narang J, Garg D, Jain V, Payasi D, Suleman S, et al.
Nanoparticles synthesis viamicroorganisms and their prospective
applications in agriculture. Plant Nano Biol. 2023;5:100047.

[79] Yu Y, Dai W, Luan Y. Bio- and eco-corona related to plants:
Understanding the formation and biological effects of plant
protein coatings on nanoparticles. Environ Pollut.
2023;317:120784.

[80] Li SN, Wang R, Ho SH. Algae-mediated biosystems for metallic
nanoparticle production: From synthetic mechanisms to aquatic
environmental applications. J Hazard Mater. 2021;420:126625.

[81] Landoulsi J. Surface (bio)-functionalization of metallic materials:
How to cope with real interfaces? Adv Colloid Interface Sci.
2023;103054.

[82] Ndaba B, Roopnarain A, Rama H, Maaza M. Biosynthesized
metallic nanoparticles as fertilizers: An emerging precision agri-
culture strategy. J Integr Agric. 2022;21(5):1225–42.

[83] El-Esawy MA, Elsharkawy S, Youssif MM, Raafat Tartour A,
Ramadan Elsharkawy F, Ahmed Saad Badr S, et al. Recent
advances of green nanoparticles in energy and biological appli-
cations. Mater Today. 2023.

[84] Jayakodi S, Senthilnathan R, Swaminathan A, Shanmugam VK,
Shanmugam R, Krishnan A, et al. Bio-inspired nanoparticles
mediated from plant extract biomolecules and their therapeutic

application in cardiovascular diseases: A review. Int J Biol
Macromol. 2023;242:125025.

[85] Maffi JM, Estenoz DA. On the evolution of particle size distribu-
tions during the bulk synthesis of high-impact polystyrene using
PBM: Towards morphology and phase inversion prediction. Chem
Eng Sci. 2022;247:117027.

[86] Wang C, Lucas R, Milward M, Cooper PR. Impact of particle
morphology on abrasion, polishing and stain removal
efficacy in a tooth cleaning model system. Biotribology.
2022;32:100218.

[87] Sun M, Ma P, Chen C, Pang Z, Huang Y, Liu X, et al. Physiochemical
characteristics, morphology, and lubricating properties of size-
specific whey protein particles by acid or ion aggregation. Int J
Biol Macromol. 2023;252:126346.

[88] Kulkarni SS, Janssen PHM, Dickhoff BHJ. The impact of material
chemistry and morphology on attrition behavior of excipients
during high shear blending. Powder Technol. 2023;427:118694.

[89] Morán J, Henry C, Poux A, Yon J. Impact of the maturation process
on soot particle aggregation kinetics and morphology. Carbon.
2021;182:837–46.

[90] Fu S, You K, Ni W, Chen Z, Zhao F, Yan D, et al. One-step highly
selective catalytic oxidation of cyclohexane to KA-oil over func-
tional CeMn0.5Co0.5Ox composite oxide: Synergistic effects
between Mn and Co species with different valences and metal ion
ratios. Chem Eng Sci. 2023;277:118878.

[91] Wazir W, Ahmad Z, Zulfiqar S, Cochran EW, Mubarik S, Kousar T,
et al. Synergistic effects of noble metal doping and nanoengi-
neering on boosting the azo dye mineralization activity of nickel
oxide. Ceram Int. 2023;49(23, Part A):38026–35.

[92] Bo X, Zan L, Jia R, Dastafkan K, Zhao C. The nature of synergistic
effects in transition metal oxides/in-situ intermediate-hydroxides
for enhanced oxygen evolution reaction. Curr Opin Electrochem.
2022;34:100987.

[93] Aleti G, Troyer EA, Hong S. G protein-coupled receptors: A target
for microbial metabolites and a mechanistic link to microbiome-
immune-brain interactions. Brain, Behav Immun - Heal.
2023;32:100671.

[94] Kannaujiya RM, Chaki SH, Khimani AJ, Giri RK, Hirpara AB,
Vaidya YH, et al. Mechanistic insights into antibacterial and anti-
biofilm activities against multidrug-resistant microbes of SnTe
nanospheres synthesized by sonochemical method. Chem Phys
Impact. 2023;6:100219.

[95] Zhang F, Huang Z. Mechanistic insights into the versatile class II
CRISPR toolbox. Trends Biochem Sci. 2022;47(5):433–50.

[96] Bhattacharjee R, Nandi A, Sinha A, Kumar H, Mitra D, Mojumdar A,
et al. Phage-tail-like bacteriocins as a biomedical platform to
counter anti-microbial resistant pathogens. Biomed
Pharmacother. 2022;155:113720.

[97] Dobler-Morales C, Álvarez Larrain A, Orozco-Ramírez Q, Bocco G.
Grounding maladaptation: Agricultural change as a source of
climatic risks in small farms of the Mixteca Alta, Mexico.
Geoforum. 2021;127:234–45.

[98] Gharari Z, Hanachi P, Sadeghinia H, Walker TR. Cichorium intybus
bio-callus synthesized silver nanoparticles: A promising antioxi-
dant, antibacterial and anticancer compound. Int J Pharm.
2022;625:122062.

[99] Ulhassan Z, Khan I, Hussain M, Khan AR, Hamid Y, Hussain S, et al.
Efficacy of metallic nanoparticles in attenuating the accumulation
and toxicity of chromium in plants: Current knowledge and future
perspectives. Environ Pollut. 2022;315:120390.

22  Anbarasu Krishnan et al.



[100] Kumar S, Chauhan N, Tyagi B, Yadav P, Samanta AK, Tyagi AK.
Exploring bioactive compounds and antioxidant properties of
twenty-six Indian medicinal plant extracts: A correlative analysis
for potential therapeutic insights. Food Humanit. 2023;1:1670–9.

[101] Guo S, Wang S, Zhao S, Zhang X, Ji X, Yun C, et al. Plant species
richness regulated by geographical variation down-regulates
triterpenoid compounds production and antioxidant activities in
white birch bark. Flora. 2023;305:152343.

[102] Shahar B, Indira A, Santosh O, Dolma N, Chongtham N.
Nutritional composition, antioxidant activity and characterization
of bioactive compounds from Thymus serpyllum L.: An under-
exploited wild aromatic plant. Meas Food. 2023;10:100092.

[103] Rodilla SD, Martínez-Pineda M, Yagüe-Ruiz C, Vercet A. Evaluation
of phenolic compounds, antioxidant activity and pigment content
in emerging and traditional plant-based oils in Mediterranean
gastronomy. Int J Gastron Food Sci. 2023;33:100771.

[104] Luque-Ceballos JC, Rodríguez-Zamora P, López-Olivos JC,
Garzón IL. Revisiting the scavenging activity of glutathione: Free
radicals diversity and reaction mechanisms. Comput Theor Chem.
2023;1227:114227.

[105] Boulebd H, Amine Khodja I. A detailed DFT-based study of the
free radical scavenging activity and mechanism of daphnetin in
physiological environments. Phytochemistry. 2021;189:112831.

[106] Alisi IO, Uzairu A, Abechi SE. Free radical scavenging mechanism
of 1,3,4-oxadiazole derivatives: thermodynamics of O–H and N–H
bond cleavage. Heliyon. 2020;6(3):e03683.

[107] Liu Y, Li Q, Li W, Jia L, Pei X. Knowledge map and hotspot analysis
in climate resilience infrastructure (CRI) from 1997 to 2022
through scientometric analysis. Environ Res. 2023;228:115874.

[108] Ujan R, Channar PA, Saeed A, Abbas Q, Rafique H, Ashraf S, et al.
Benzimidazole tethered thioureas as a new entry to elastase
inhibition and free radical scavenging: Synthesis, molecular
docking, and enzyme inhibitory kinetics. J Heterocycl Chem.
2021;58(10):1929–35.

[109] Tian H, Li C, Wang Z, Zhao S, Xu Y, Wang S. Polycyclic aromatic
hydrocarbons degradation mechanisms in methods using acti-
vated persulfate: Radical and non-radical pathways. Chem Eng J.
2023;473:145319.

[110] Sharma V, Agarwal S, Mathur A, Singhal S, Wadhwa S.
Advancements in nanomaterial based flame-retardants for poly-
mers: A comprehensive overview. J Ind Eng Chem. 2023.

[111] Yan Z, Liu C, Liu Y, Tan X, Li X, Shi Y, et al. The interaction of ZnO
nanoparticles, Cr(VI), and microorganisms triggers a novel ROS
scavenging strategy to inhibit microbial Cr(VI) reduction. J Hazard
Mater. 2023;443:130375.

[112] Preetha JSY, Sriram D, Premasudha P, Pudake RN, Arun M. Cerium
oxide as a nanozyme for plant abiotic stress tolerance: An over-
view of the mechanisms. Plant Nano Biol. 2023;6:100049.

[113] Huang X, He D, Pan Z, Luo G, Deng J. Reactive-oxygen-species-
scavenging nanomaterials for resolving inflammation. Mater
Today Bio. 2021;11:100124.

[114] Ma D, Mei J, Liang Q, Jiao Y, Hu T, Chen J, et al. Recent advances in
nanomaterial-enhanced persulfate activation for organic pollu-
tants removal: Electron transfer, surface reactions, and radical
generation. J Environ Chem Eng. 2023;11(6):111511.

[115] Scarpellini C, Klejborowska G, Lanthier C, Hassannia B, Vanden
Berghe T, Augustyns K. Beyond ferrostatin-1: a comprehensive
review of ferroptosis inhibitors. Trends Pharmacol Sci.
2023;44(12):902–16.

[116] Pochkaeva EI, Meshcheriakov AA, Ageev SV, Podolsky NE,
Petrov AV, Charykov NA, et al. Polythermal density and viscosity,
nanoparticle size distribution, binding with human serum
albumin and radical scavenging activity of the C60-l-arginine
(C60(C6H13N4O2)8H8) aqueous solutions. J Mol Liq.
2020;297:111915.

[117] Hassani A, Scaria J, Ghanbari F, Nidheesh PV. Sulfate radicals-
based advanced oxidation processes for the degradation of
pharmaceuticals and personal care products: A review on rele-
vant activation mechanisms, performance, and perspectives.
Environ Res. 2023;217:114789.

[118] Liu J, Huang X, Zhang F, Luo X, Yu W, Li C, et al. Metal-free
multifunctional nanozymes mimicking endogenous antioxidant
system for acute kidney injury alleviation. Chem Eng J.
2023;477:147048.

[119] Bayram I, Decker EA. Underlying mechanisms of synergistic
antioxidant interactions during lipid oxidation. Trends Food Sci
Technol. 2023;133:219–30.

[120] Petrosyan HR, Nigaryan AA, Hovhannisyan HA, Soloyan AM,
Vardapetyan VV, Martiryan AI. Evaluation of antioxidant activity
and heavy metals content in licorice (Glycyrrhiza glabra L.)
growing wild in Armenia. Heliyon. 2023;9(11):e22442.

[121] Rahmani-Manglano NE, García-Moreno PJ, Pérez-Gálvez R,
Guadix EM. Antioxidants location affects the oxidative stability of
spray-dried microcapsules loaded with fish oil. Food Biosci.
2023;56:103074.

[122] Mohammed AE, Pawelzik E, Nour MM, Alotaibi MO,
Abdelgawad H, Saleh AM. Mycorrhized wheat and bean plants
tolerate bismuth contaminated soil via improved metal detoxifi-
cation and antioxidant defense systems. Plant Physiol Biochem.
2023;205:108148.

[123] Vaezi-Kakhki A, Asoodeh A. Comparison of different methods for
synthesis of iron oxide nanoparticles and investigation of their
cellular properties, and antioxidant potential. Int J Pharm.
2023;645:123417.

[124] Solangi NH, Karri RR, Mubarak NM, Mazari SA. Mechanism of
polymer composite-based nanomaterial for biomedical applica-
tions. Adv Ind Eng Polym Res. 2023.

[125] Jagdale S, Dixit A, Gaware S, Agarwal B. Chitosan as excellent bio-
macromolecule with myriad of anti-activities in biomedical
applications – A review. Int J Biol Macromol. 2023;128697.

[126] Ikumapayi OM, Ogedengbe TS, Ogundipe AT, Nnochiri ES,
Obende BA, Afolalu SA. Ceramics matrix composites for biome-
dical applications - a review. Mater Today Proc. 2023.

[127] Luo X, Yang L, Cui Y. Micropumps: Mechanisms, fabrication, and
biomedical applications. Sensors Actuators A Phys.
2023;363:114732.

[128] Falsafi SR, Topuz F, Rostamabadi H. Dialdehyde carbohydrates –
Advanced functional materials for biomedical applications.
Carbohydr Polym. 2023;321:121276.

[129] Rahimkhoei V, Padervand M, Hedayat M, Seidi F, Dawi EA,
Akbari A. Biomedical applications of electrospun polycaprolac-
tone-based carbohydrate polymers: A review. Int J Biol Macromol.
2023;253:126642.

[130] Najjari Z, Sadri F, Varshosaz J. Smart stimuli-responsive drug
delivery systems in spotlight of COVID-19. Asian J Pharm Sci.
2023;18(6):100873.

[131] Ma M, Huang S, Liu S, Lv X, Zhu J, Liu K, et al. A novel approach of
modeling pharmacokinetics and pharmacokinetics-

Metal oxides on the frontlines  23



pharmacodynamics for the intravenous nano drug delivery
system. J Drug Deliv Sci Technol. 2023;89:105071.

[132] Aminu N, Ilyasu S, Al-Kassim Hassan M, Kurfi FS, Jatau AI, Chan SY,
et al. Applications of nanofibers drug delivery system in cancer
therapy. J Drug Deliv Sci Technol. 2023;90:105128.

[133] Xu M, Li S. Nano-drug delivery system targeting tumor microen-
vironment: A prospective strategy for melanoma treatment.
Cancer Lett. 2023;574:216397.

[134] Shishir R, Lokeshkumar E, Manojkumar P, Nasiruddin U,
Premchand C, Ponnilavan V, et al. Development of biocompatible
and corrosion-resistant plasma electrolytic oxidation coating over
zinc for orthopedic implant applications. Surf Coatings Technol.
2022;450:128990.

[135] Chen CY, Tsai PH, Lin YH, Huang CY, Chung JHY, Chen GY.
Controllable graphene oxide-based biocompatible hybrid inter-
face as an anti-fibrotic coating for metallic implants. Mater Today
Bio. 2022;15:100326.

[136] Asadi H, Ghalei S, Handa H, Ramasamy RP. Cellulose nanocrystal
reinforced silk fibroin coating for enhanced corrosion protection
and biocompatibility of Mg-based alloys for orthopedic implant
applications. Prog Org Coatings. 2021;161:106525.

[137] Sun X, Xu X, Xue R, Zhang L, Liu L. Surface modification of zirco-
nium alloy implants by collagen encapsulated strontium
ranelate@PCN-224 coating to improve biocompatibility and pro-
mote osseointegration. Mater Chem Phys. 2023;293:126910.

[138] Karthika A. Biocompatible iron and copper incorporated nano-
hydroxyapatite coating for biomedical implant applications.
Mater Today Proc. 2022;51:1754–9.

[139] Lyu S, Dong Z, Xu X, Bei HP, Yuen HY, James Cheung CW, et al.
Going below and beyond the surface: Microneedle structure,
materials, drugs, fabrication, and applications for wound healing
and tissue regeneration. Bioact Mater. 2023;27:303–26.

[140] Gudde AN, van Velthoven MJJ, Kouwer PHJ, Roovers JPWR, Guler Z.
Injectable polyisocyanide hydrogel as healing supplement for
connective tissue regeneration in an abdominal wound model.
Biomaterials. 2023;302:122337.

[141] Sathuvan M, Thangam R, Cheong KL, Kang H, Liu Y.
κ-Carrageenan-essential oil loaded composite biomaterial film
facilitates mechanosensing and tissue regenerative wound
healing. Int J Biol Macromol. 2023;241:124490.

[142] Yu X, Jiang N, Yang Y, Liu H, Gao X, Cheng L. Heavy metals reme-
diation through bio-solidification: Potential application in environ-
mental geotechnics. Ecotoxicol Environ Saf. 2023;263:115305.

[143] Elsaid K, Olabi AG, Abdel-Wahab A, Elkamel A, Alami AH, Inayat A,
et al. Membrane processes for environmental remediation of
nanomaterials: Potentials and challenges. Sci Total Environ.
2023;879:162569.

[144] Belousov AS, Parkhacheva AA, Suleimanov EV, Shafiq I. Potential
of Bi2WO6-based heterojunction photocatalysts for environ-
mental remediation. Mater Today Chem. 2023;32:101633.

[145] Pei P, Mu D, Sun T, Wang L, Liang X, Xu Y, et al. Potential of
mercapto montmorillonites for immobilization remediation of

Hg-contaminated paddy soil: Perspective from soil environmental
quality. Appl Clay Sci. 2022;229:106661.

[146] Hethnawi A, Kashif O, Jeong R, Sagala F, Hashlamoun K,
Manasrah AD, et al. Green synthesis of novel titanomagnetite
nanoparticles for oil spill cleanup. Colloids Surfaces A
Physicochem Eng Asp. 2023;664:131191.

[147] Majumdar A, Upadhyay MK, Ojha M, Afsal F, Giri B, Srivastava S,
et al. Enhanced phytoremediation of Metal(loid)s via spiked ZVI
nanoparticles: An urban clean-up strategy with ornamental
plants. Chemosphere. 2022;288:132588.

[148] Wang F, Ma R, Zhan J, Wang T, Tian Y. Superhydrophobic starch-
based cryogels modified with silylated magnetic nanoparticles for
oil spill cleanup. J Clean Prod. 2022;363:132492.

[149] Chaudhary P, Ahamad L, Chaudhary A, Kumar G, Chen WJ, Chen S.
Nanoparticle-mediated bioremediation as a powerful weapon in
the removal of environmental pollutants. J Environ Chem Eng.
2023;11(2):109591.

[150] Abdulhussein AQ, Jamil AKM, Bakar NKA. Magnetic molecularly
imprinted polymer nanoparticles for the extraction and clean-up
of thiamethoxam and thiacloprid in light and dark honey. Food
Chem. 2021;359:129936.

[151] Aparicio JD, Lacalle RG, Artetxe U, Urionabarrenetxea E,
Becerril JM, Polti MA, et al. Successful remediation of soils with
mixed contamination of chromium and lindane: Integration of
biological and physico-chemical strategies. Environ Res.
2021;194:110666.

[152] Sharma J, Sharma D, Sharma A, Bansal S. Thermo stable tyrosi-
nase purified from Pleurotus djamor grown in biomimetic cal-
cium carbonate: A biological strategy to industrial waste reme-
diation. Environ Technol Innov. 2021;21:101294.

[153] Dey S, Tripathy B, Kumar MS, Das AP. Ecotoxicological conse-
quences of manganese mining pollutants and their biological
remediation. Environ Chem Ecotoxicol. 2023;5:55–61.

[154] Wu Y, Liu Y, Kamyab H, Rajasimman M, Rajamohan N, Ngo GH,
et al. Physico-chemical and biological remediation techniques for
the elimination of endocrine-disrupting hazardous chemicals.
Environ Res. 2023;232:116363.

[155] Sarker A, Al Masud MA, Deepo DM, Das K, Nandi R, Ansary MWR,
et al. Biological and green remediation of heavy metal contami-
nated water and soils: A state-of-the-art review. Chemosphere.
2023;332:138861.

[156] Mouronte N, Deive FJ, Longo MA, Rodríguez A, Álvarez MS.
Design of novel aqueous two-phase systems to be coupled in
biological remediation processes. J Mol Liq. 2023;392:123471.

[157] Barathi S, Gitanjali J, Rathinasamy G, Sabapathi N, Aruljothi KN,
Lee J, et al. Recent trends in polycyclic aromatic hydrocarbons
pollution distribution and counteracting bio-remediation strate-
gies. Chemosphere. 2023;337:139396.

[158] Miyata N, Suganuma R, Sunouchi K, Okano K, Fuchida S,
Watanabe M, et al. Biological Mn(II) oxidation under organic
substrate-limited conditions and its application in mine drainage
remediation. Biochem Eng J. 2023;109187.

24  Anbarasu Krishnan et al.


	1 Introduction
	2 Synthesis and characterization techniques
	2.1 Selection and preparation of plant materials
	2.2 Techniques for biometallic nanoparticle synthesis
	2.2.1 Green synthesis methods
	2.2.2 Chemical reduction approaches

	2.3 Advanced analytical tools for characterization
	2.3.1 XRD
	2.3.2 TEM
	2.3.3 FTIR spectroscopy
	2.3.4 UV-visible spectroscopy


	3 Antimicrobial mechanisms and efficacy
	3.1 Interactions of biometallic nanoparticles with microorganisms
	3.2 Impact of particle size and morphology
	3.3 Synergistic effects of metal oxides
	3.4 Mechanistic insights into antimicrobial activity

	4 Antioxidant activity of plant-derived biometallic nanoparticles
	4.1 Role of plant compounds in antioxidant properties
	4.2 Free radical scavenging mechanisms
	4.3 Influence of metal oxides on antioxidant potential

	5 Biomedical applications
	5.1 Drug delivery systems
	5.2 Implant coatings and biocompatibility
	5.3 Wound healing and tissue regeneration

	6 Environmental remediation potential
	6.1 Nanoparticles in environmental cleanup
	6.2 Biological remediation strategies
	6.3 Sustainability and eco-friendly approaches

	7 Challenges and future directions
	8 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


