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Abstract—Antimicrobial resistance (AMR) has reduced
the effectiveness of many conventional antimicrobial
agents and has intensified the search for alternative
materials with mechanisms that differ from classical
antibiotic targets. Metal and metal oxide nanoparticles
are promising because their nanoscale dimensions,
surface reactivity, ion release, optical properties and
ability to interact with microbial envelopes can produce
multiple biological effects. This review synthesizes the
literature assembled in the present doctoral research
document on plant-mediated metal oxide nanoparticles,
with particular emphasis on zinc oxide (ZnO), together
with CuO, Fe:0s/Fes04, TiO: and MgO systems. The
review discusses nanomaterial classification, top-down
and bottom-up synthesis, chemical and physical routes,
plant-mediated biosynthesis, the role of phytochemicals
in reduction and stabilization, process variables, and
analytical characterization by UV-visible spectroscopy,
FTIR, XRD, SEM, TEM, Raman spectroscopy and EDX.
The antimicrobial section examines adsorption to
microbial surfaces, membrane damage, reactive oxygen
species generation, metal-ion release, intracellular
macromolecular damage, biofilm inhibition and possible
synergy with antibiotics. A separate focus is placed on
Solanum xanthocarpum, for which the uploaded
research document identifies the stem and roots as
comparatively underexplored materials for ZnO
nanoparticle synthesis. The proposed research
framework combines aqueous and methanolic plant
extracts, phytochemical screening, green synthesis,
physicochemical characterization, DPPH antioxidant
testing and antimicrobial assessment against drug-
resistant pathogens. The review also highlights
limitations  concerning  reproducibility,  extract
composition, particle aggregation, dose-dependent
toxicity, environmental fate, mechanistic interpretation
and translation from laboratory observations to clinical
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applications. Overall, plant-mediated metal oxide
nanoparticles represent a promising but still developing
platform for sustainable antimicrobial research.

Index Terms— green synthesis; metal oxide
nanoparticles; Solanum xanthocarpum;
phytochemicals; antimicrobial resistance; drug-resistant
pathogens; biofilm; nanomedicine.

I. INTRODUCTION

Antimicrobial resistance is a major challenge because
resistant microorganisms can cause treatment failure,
prolonged illness and increased healthcare burden.
The source document frames AMR as a driver for
developing antimicrobial materials that act differently
from conventional antibiotics and notes the relevance
of nanotechnology to this objective. It also identifies
multidrug-resistant organisms and biofilm-associated
infections as important targets for alternative
strategies. [+-8 54 61, 68, 97, 104, 118, 1311 Nanotechnology
concerns the design and application of matter at the
nanoscale, where changes in surface area, surface
energy, electronic structure and interfacial reactivity
can produce properties different from bulk materials.
Nanoparticles are generally discussed in the source
material within the approximately 1-100 nm range.
Their high surface-to-volume ratio increases the
fraction of atoms at or near the surface and can
enhance interactions with biomolecules and
microorganisms, [9-17. 67, 69, 82, 90, 103, 128, 132] Metal and
metal oxide nanoparticles have therefore received
substantial attention as antimicrobial materials. ZnO is
particularly  attractive  because it combines
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semiconductor ~ characteristics ~ with  reported
antimicrobial, photocatalytic and surface-reactive
behavior. Other relevant systems include Ag/Ag.0,
Cu/CuO, Fe-based oxides, TiO., MgO, SnO: and
composite materials. The uploaded research document
emphasizes that nanoparticle activity is affected by
size, morphology, surface area, surface charge,
aggregation, composition, dopants and environmental
conditions rather than by nominal chemical identity
a|0ne.[18—27, 49, 65, 69, 73, 77, 82, 108, 119, 131] Conventional
nanoparticle synthesis can provide tight control of
particle characteristics but may require hazardous
reducing agents, organic solvents, stabilizers, high
temperatures or energy-intensive processing. Plant-
mediated synthesis is consequently attractive because
plant metabolites can participate in metal-ion
reduction, nucleation and surface stabilization. The
present review places these processes in the context of

sustainable chemistry and biomedical antimicrobial
research. [28-35, 46, 63, 67, 77, 82, 96, 110, 114]

I1. SCOPE AND REVIEW APPROACH

This review was developed from the uploaded doctoral
research document, particularly its introductory and
literature-review chapters and the reference corpus
contained in that document. The manuscript preserves
the research focus on plant-mediated metal oxide
nanoparticles, antimicrobial activity against drug-
resistant pathogens, nanoparticle characterization and
the specific research gap surrounding Solanum
xanthocarpum stem and root extracts. The 150
references listed at the end were selected from the
supplied reference corpus for relevance to green
synthesis, metal/metal oxide nanoparticles, ZnO,
antimicrobial activity, AMR, biofilms,
phytochemicals, characterization, toxicity and
biomedical applications. Because the supplied
reference list contains some incomplete or inconsistent
bibliographic records, each reference should be
checked against the publisher/Crossref/Scopus record
before journal submission.

1. NANOMATERIALS: CLASSIFICATION AND
FUNCTIONAL CHARACTERISTICS

Nanomaterials can be classified according to

dimensionality, composition, morphology, magnetic
behavior, degree of aggregation and surface
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functionalization. Zero-dimensional structures include
nanoparticles and clusters; one-dimensional systems
include Nano rods, nanowires and nanotubes; two-
dimensional materials include Nano sheets and Nano
disks; and  three-dimensional  nanostructured
assemblies contain nanoscale grains or building
blocks. Composition-based classes include metals,
metal oxides, polymers, carbon materials, composites
and hybrid structures. Surface functionalization can be
introduced during synthesis or after particle formation
to alter stability, dispersibility, targeting or biological
interactions. [36-43. 67, 87. 103, 113, 128] Eor antimicrobial
applications, nanoscale size is important because it
increases interfacial contact with microbial cells.
However, smaller size does not automatically mean
greater biological performance: aggregation can
effectively increase the hydrodynamic size, alter
surface area and modify ion dissolution. Shape,
crystallinity, defect density, surface coating, zeta
potential and the surrounding medium also influence
activity. These variables should therefore be reported

together rather than using particle size as the sole
descriptor. [44, 49, 69, 82, 108, 113, 132]

IV. ROUTES FOR NANOPARTICLE SYNTHESIS

4.1 Top-down approaches

Top-down methods convert bulk materials into
nanoscale structures through milling, lithography,
laser ablation, sputtering and related physical
processes. Their advantages include the absence of
some wet-chemical reducing agents and the possibility
of producing relatively pure materials, while
limitations include high energy demand, specialized
equipment and surface defects generated during
mechanical processing. 45 77. 108, 140]

4.2 Bottom-up chemical approaches

Bottom-up synthesis constructs nanoparticles from
atoms, ions, molecules or molecular clusters.
Chemical reduction, sol-gel processing, co
precipitation, solvothermal routes, micro emulsions,
sonochemical methods, microwave-assisted synthesis
and electrochemical techniques are widely used. These
approaches can offer good control of nucleation and
growth, but reagents, solvents and stabilizers may
introduce toxicity or environmental burdens. Reaction
temperature, precursor concentration, pH, reducing-
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agent concentration and time are major determinants
of nucleation, growth and aggregation. 2845 65.74,77, 10]

4.3 Biological and plant-mediated synthesis

Biological synthesis uses plants, microorganisms,
algae or biomolecules as sources of reducing and
stabilizing components. Plant extracts are especially

convenient because they contain mixtures of
phenolics, flavonoids, terpenoids, alkaloids, sugars,
proteins, organic acids and other metabolites. These
constituents may bind metal ions, alter their oxidation
state, promote nucleation and remain associated with

the nanoparticle surface as capping agents. [2-35 46, €0,
63, 67, 82, 88, 96, 98, 114]

Medicinal plant Aqueous / methanalic Phytochemical screenin
selection extract preparation | | & metabolite-ion interaction

Metal precursor Zn0 / CuO / Fe:0s/ Characterization +
+ green synthesis TiOz2 / MgO NPs antimicrobial evaluation

Figure 1: Conceptual workflow for plant-mediated synthesis and antimicrobial evaluation of metal oxide
nanoparticles

V. ROLE OF PHYTOCHEMICALS IN GREEN
SYNTHESIS

The chemical composition of the plant extract is a
central variable in green nanoparticle synthesis.
Phenolic compounds and flavonoids can donate
electrons and coordinate metal ions, while proteins,
polysaccharides and other macromolecules can
contribute steric stabilization. The exact contribution
of each metabolite depends on plant species, plant
part, extraction solvent, extraction temperature, pH
and post-extraction storage. Consequently, a
reproducible green synthesis protocol should

characterize the extract rather than treating a plant
name as a sufficient descriptor of the reducing system.
[47, 51, 56, 60, 82, 91, 9, 114 The yploaded document
specifically identifies flavonoids, phenolics, alkaloids,
reducing sugars, proteins and related
phytoconstituents as possible participants in
nanoparticle formation and stabilization. It further
emphasizes that phytochemical composition can
influence nanoparticle size and shape. This supports a
mechanistic model in which extract chemistry
influences metal-ion  complexation, reduction,
nucleation, growth, surface adsorption and colloidal
stability. [51, 82, 96, 114]

Table 1. Comparative characteristics of selected plant-mediated metal oxide nanoparticles

Key physicochemical

Nanomaterial
features

Reported antimicrobial relevance

Important variables

Semiconductor; surface-
reactive; Zn>* release; ROS
generation under suitable
conditions

Membrane damage, permeability
Zn0O changes, oxidative stress and
intracellular disruption

Size, surface area, defects,
dose, pH, aggregation, extract
chemistry

Copper-containing oxide

Membrane damage and oxidative

Particle size, Cu release,

surface chemistry;

CuO with redox-active surface | effects; activity reported against .
. . ) morphology, dose, medium
chemistry diverse bacteria
Iron oxides; Fe-based Potential antimicrobial and Magnetic state, size, coating,
Fe20s/FesOa g g

biofilm-related activity; magnetic | aggregation, iron dissolution
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magnetic behavior
especially for FesOa

recovery can support engineered

systems

Photocatalytic
semiconductor; ROS

Photocatalytic antimicrobial

Crystal phase, particle size,

TiO: . action and surface-mediated M
generation under o irradiation, surface area
N oxidative stress
irradiation
MgO Basic metal oxide with Reported antibacterial activity Particle size, surface defects,

reactive surface

and membrane/oxidative effects

dose and medium

VI. PROCESS VARIABLES GOVERNING
PLANT-MEDIATED NANOPARTICLE
FORMATION

Green synthesis is not a single standardized reaction.
The outcome depends on the ratio between plant
extract and metal precursor, pH, temperature, reaction
time, precursor concentration, mixing conditions and
the chemical state of the extract. pH can change the
ionization state of phytochemicals and the
hydrolysis/precipitation behavior of metal precursors.
Temperature can accelerate reduction and nucleation
but may also change the extract chemistry. Calcination
conditions can modify crystallinity, defect density,
particle size and antimicrobial performance. 148 85.73.79,
114 gSolvent choice is particularly relevant to the
proposed research. Aqueous extraction is attractive
from a green-chemistry perspective, while methanolic
extraction can recover a different phytochemical

profile. Comparing aqueous and methanolic extracts
may therefore reveal relationships between
phytochemical ~ composition and  nanoparticle
characteristics. The source document explicitly
identifies this comparison as a research gap for plant-
mediated metal oxide nanoparticles, [0 51 79, %]

VIl. CHARACTERIZATION OF PLANT-
MEDIATED METAL OXIDE NANOPARTICLES

Comprehensive characterization is necessary because
biological activity cannot be interpreted reliably
without knowing the physical and chemical properties
of the material. In table 2,the research framework in
the source document includes UV-visible
spectroscopy, FTIR, XRD, SEM and TEM, with

Raman and EDX discussed as additional analytical
tools. [13, 21, 65, 67, 69, 77, 87, 108]

Table 2. Various analytical tools used for Characterization of Plant-Mediated Metal Oxide Nanoparticles.

transitions

Technique Principal information Relevance to green-synthesized NPs
.. ical rption; preliminary evidence of . o . .
UV-visible Optica absq ption; p e_ ary evide ?e ° Rapid monitoring of synthesis and optical
nanoparticle formation and electronic o
spectroscopy stability

Functional groups and chemical bonds
FTIR associated with plant metabolites and
nanoparticle surfaces

Supports identification of phytochemicals
involved in reduction/capping

Crystal phase, crystallinity and average

Confirms crystalline oxide phase and

XRD o . . .
crystallite size estimates crystallite dimensions
SEM Surface morphology and particle aggregation Visualizes morphology and surface
phology P ggreg architecture
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Particle size, shape and high-resolution Provides direct nanoscale imaging and
TEM/HRTEM P g . maging
structure structural information
I . . Useful for phase identification, defects and
Raman Vibrational/phonon information P . -
structural fingerprinting
.. Confirms major elemental constituents and
EDX/EDS Elemental composition ) . .
detects impurities

7.1 UV-Visible spectroscopy

UV-visible spectroscopy is a rapid monitoring
method. Changes in absorbance with wavelength can
provide evidence for nanoparticle formation and
optical transitions, although a UV-visible spectrum
alone is insufficient to establish particle size,
crystallinity or chemical purity. [20. 52, 65, 69]

7.2 FTIR spectroscopy

FTIR can identify changes in functional-group bands
before and after synthesis and can therefore support
discussion of plant metabolites involved in reduction
and capping. Interpretation should be made cautiously

because band overlap is common in complex plant
extracts. [37: 51, 82,96, 114]

7.3 X-ray diffraction

XRD is used to establish crystalline phase and
structural properties. The source document notes
Bragg's law and the Scherrer approach for estimating
average crystallite size from peak broadening.
Because Scherrer size is a crystallite dimension rather
than necessarily the whole particle size, it should be
compared with TEM/SEM measurements rather than
treated as interchangeable. [? 65 67]

7.4 SEM and TEM

SEM provides surface morphology, while TEM can
directly resolve nanoparticle size and shape at much
higher spatial resolution. Sample preparation, drying
and aggregation can influence observed morphology;
therefore, representative images and size distributions
are preferable to single-particle photographs. [37:67. 871

7.5 Raman and EDX

Raman spectroscopy provides vibrational information
that can complement XRD, especially for phase,
lattice and defect analysis. EDX coupled to electron
microscopy provides elemental information and can
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support confirmation of the intended metal/oxygen
composition, while also revealing possible
contaminants, 3. 21,671

VIII. ANTIMICROBIAL RESISTANCE AND THE
NEED FOR ALTERNATIVE MATERIALS

AMR arises through multiple mechanisms, including
target modification, drug inactivation, reduced
permeability, efflux and adaptive processes associated
with biofilms. The source document highlights the
difficulty of treating intracellular and biofilm-
associated infections and the importance of pathogens
such as Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa, [+ 6L 68, 97, 111, 118, 127, 131]
Nanoparticles may be useful because their
antimicrobial action can involve several simultaneous
stress pathways rather than one conventional antibiotic
target. This does not mean resistance is impossible:
adaptation to antimicrobial nanoparticles has been
documented as an important research question.
Accordingly, nanoparticle design should be evaluated
both for antimicrobial potency and for the possibility
of microbial adaptation, [+ 86,97, 104, 108, 131, 132]

IX. ANTIMICROBIAL MECHANISMS OF
METAL OXIDE NANOPARTICLES

Several mechanisms can operate together: adsorption
to microbial surfaces; disruption of membrane
integrity; increased membrane permeability; ROS
generation; metal-ion release; interaction with
proteins, lipids and nucleic acids; respiratory
disturbance; and inhibition of biofilm development.
The relative contribution of each pathway depends on
nanoparticle composition, size, morphology, surface

chemistry, dose and environmental conditions. (18 2449
69, 73, 105, 108, 119, 131, 132]
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Table 3. Antimicrobial Mechanisms of Metal Oxide Nanoparticles to study drug resistant pathogens

Mechanism

Biological consequence

Relevance to drug-resistant pathogens

Surface attachment

Close nanoparticle—cell contact
increases interfacial interactions

Can act independently of a conventional
antibiotic target

Membrane disruption

Permeability changes, leakage and
loss of membrane function

May compromise resistant cells with
altered antibiotic targets

ROS generation

Oxidative damage to proteins, lipids
and nucleic acids

Multiple cellular targets can produce
broad-spectrum stress

Metal-ion release

Interaction of released ions with
cellular components

Adds a soluble chemical stress pathway

Respiratory/metabolic
disturbance

Damage to electron transport and
cellular metabolism

Can amplify other antimicrobial
mechanisms

Biofilm inhibition

Reduced attachment, matrix integrity
or respiration

Potentially relevant to persistent and
recurrent infections

Antibiotic synergy

Improved activity of conventional
antibiotics in combination

May permit lower antibiotic exposure
and restore activity in some settings

9.1 ZnO nanoparticles

ZnO is the central material in the uploaded research
framework. The literature summarized in the source
document associates ZnO antimicrobial activity with
cell membrane damage, increased permeability, ROS
such as hydrogen peroxide, and Zn?* release. Smaller
particles may display greater activity because of
increased surface area and altered surface reactivity,
although dose, aggregation and medium composition
remain important. 52 65 73, 108, 1311 7nQ can also be
modified by doping. The supplied literature discusses
dopants as a way of changing defects and
physicochemical properties, with some studies
reporting increased antibacterial activity. However,
dopant identity, concentration, phase distribution and
toxicity must be evaluated rather than assuming that
doping always improves biological performance. [2% 651

9.2 Ag, Cu and Fe-based nanoparticles as comparative
systems

Silver nanoparticles have a particularly extensive
antimicrobial literature, including activity against
MDR  strains and  biofilms.  Copper-based
nanoparticles can provide redox-active antimicrobial
effects, while iron oxide nanoparticles offer additional
magnetic functionality that can be exploited in
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engineered delivery or recovery systems. These
materials are useful comparators for understanding
how metal identity, dissolution and surface chemistry

affect antimicrobial behavior. [55: 76. 81, 86, 100, 104, 105, 106,
115, 124]

X. NANOPARTICLE-BASED ANTIMICROBIAL
STRATEGIES

Biofilms are structured microbial communities
surrounded by extracellular polymeric substances.
Biofilm-associated cells can show increased tolerance
to antimicrobial treatment because of diffusion
barriers, altered metabolism, persistent populations
and community-level stress responses. Nanoparticles
may interact with the biofilm matrix, alter attachment
and produce localized oxidative or membrane stress.
[68, 86, 92, 97, 100, 111, 127] Green-synthesized nanoparticles
have been investigated for quorum-sensing
interference and biofilm inhibition, particularly for
Gram-negative  pathogens.  However, zone-of-
inhibition data alone do not establish ant biofilm
activity. Mature-biofilm assays, biomass
measurements, viable-cell counts and mechanistic
endpoints provide stronger evidence, [#4 55 76,106, 109]
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X1. SYNERGY WITH CONVENTIONAL
ANTIBIOTICS

Combining nanoparticles with antibiotics is an
important strategy because the nanoparticle may
increase membrane permeability, alter efflux or
impose oxidative stress while the antibiotic acts on its
conventional target. The supplied research document
specifically cites enhanced activity of ZnO in
combination with beta-lactams, cephalosporins and
aminoglycosides. Such claims should ideally be
supported by checkerboard assays, fractional
inhibitory concentration indices, time-kill curves or
other quantitative synergy methods rather than
diffusion zones alone. (55 75. 86, 95, 109]

XII. TOXICITY, SAFETY AND
ENVIRONMENTAL CONSIDERATIONS

Antimicrobial activity does not automatically imply
biomedical safety. Nanoparticle toxicity depends on
dose, particle size, dissolution, surface chemistry,
aggregation, exposure route and biological system.
The source document appropriately emphasizes the
need for in vitro and in vivo toxicity assessment before
commercial or clinical application. Green synthesis

may reduce the use of hazardous reagents, but it does
not guarantee that the final nanoparticle is non-toxic.
[53, 60, 69, 82 87 110, 131 Fytyre evaluations should
distinguish toxicity caused by the nanoparticle core
from effects caused by residual plant metabolites,
precursor salts or synthesis by-products. Reporting
particle dose on both mass and, where possible,
particle-number or surface-area bases may improve
comparability between studies. Environmental fate,
transformation, aggregation and effects on beneficial
microorganisms also deserve attention, [59 82 110. 119]

XIIl. BIOMEDICAL AND OTHER
APPLICATIONS

Metal and metal oxide nanoparticles have been
explored in drug delivery, wound-related materials,
antimicrobial coatings, food packaging, water
treatment, diagnostics and other technologies. Their
multi functionality makes them attractive as both
active antimicrobial materials and components of
delivery systems. Nevertheless, translation requires
reproducible synthesis, standardized characterization,

dose optimization and rigorous safety testing. [49 59 8L
95, 101, 119, 121, 128]

Table 4. Key applications and development considerations

Application

Potential role

Development requirement

Wound-care materials

Antimicrobial coatings or
nanocomposites

Cyto-compatibility, controlled release,
biofilm efficacy

Drug delivery systems

Nano carriers and combination

Targeting, pharmacokinetics, stability and
toxicity

Antimicrobial coatings

Persistent surface protection

Adhesion, durability, leaching and
environmental safety

Food packaging

Reduction of microbial
contamination

Migration studies and food-contact safety

Water treatment

Antimicrobial and contaminant-
removal systems

Recovery, regeneration and Eco toxicity

Diagnostic/therapeutic

platforms systems

Multifunctional Nano-enabled

Validated performance and clinical
translation
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XIV. SOLANUM XANTHOCARPUM AS A
CANDIDATE FOR GREEN ZNO SYNTHESIS

The uploaded research document identifies Solanum
xanthocarpum as the principal medicinal plant for the
proposed experimental work. It notes that the leaves
and fruits have been comparatively well represented in
the pharmacological literature, whereas the stem and
roots have received much less attention for
nanoparticle-mediated applications. The document
further states that only limited work was identified for
silver and copper nanoparticles using S. xanthocarpum
extracts and that systematic studies of ZnO

nanoparticles prepared from stem and root extracts
were not identified in the reviewed literature, [+ 30. 40.
4l The plant is therefore positioned as a useful
candidate for exploring whether underutilized plant
parts can provide phytochemicals capable of reducing
and stabilizing ZnO nanoparticles. The proposed work
compares aqueous and methanolic extracts, performs
qualitative phytochemical screening, synthesizes ZnO
nanoparticles by a green route and evaluates their
physicochemical, antioxidant and antibacterial
properties. This research gap and workflow are
explicitly described in the supplied document. (1440 411

Table 5. Proposed experimental framework derived from the doctoral research document

Stage Proposed activity Expected output
llection an hentication of S. . .
1 Collection and authentication of S Standardized plant material
xanthocarpum stem and roots
2 Preparation of aqueous and methanolic extracts Extracts with distinct phytochemical profiles
3 Qualitative phytochemical screening Evidence of major metabolite classes
. . Plant-mediated ZnO nanoparticle
4 Green synthesis of ZnO nanoparticles . P
suspensions/powders
5 UV-visible, FTIR, XRD, SEM and TEM Optical, chemical, crystalline and morphological
characterization profiles
6 DPPH antioxidant assay Comparative free-radical scavenging response
. e A Growth inhibition and concentration-dependent
7 Antibacterial diffusion/dilution assays . P
activity
Comparison of extract type and nanoparticle L . .
8 P yp P Structure—process—activity relationship
performance
9 Interpretation against drug-resistant pathogens Assessment of translational relevance

XV. RESEARCH GAPS AND FUTURE
DIRECTIONS

Several gaps emerge from the literature synthesized in
the source document. First, green synthesis protocols
are often difficult to reproduce because extract
composition varies with species, plant part, season,
geography, extraction solvent and processing. Second,
many studies report antimicrobial zones without
standardized  nanoparticle  characterization  or
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MIC/MBC data. Third, correlations between
phytochemical profiles and nanoparticle surface
chemistry remain incomplete. Fourth, the distinction
between nanoparticle-specific activity and activity of
dissolved metal ions or residual phytochemicals is
often insufficiently resolved. [ 80. 67, 73, 82, 96, 108, 119]
Future studies should therefore combine quantitative
phytochemical profiling with controlled synthesis and
standardized biological assays. Particle size
distributions should be measured rather than
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represented by a single average; colloidal stability and
zeta potential should be reported; dissolution and ion
release should be considered; and antimicrobial
mechanisms should be tested with orthogonal assays.
For MDR pathogens, MIC, MBC, time-kill, biofilm
and antibiotic-synergy experiments would provide
substantially stronger evidence than agar diffusion
alone, [68. 86, 97,106,109, 1311 For Splanum xanthocarpum, a
particularly useful direction is to compare stem and
root extracts systematically and relate their
phytochemical fingerprints to ZnO nucleation,
capping and antimicrobial activity. Such an approach
could establish whether solvent-dependent extraction
changes particle size, crystallinity, surface chemistry
and biological efficacy. The source document's
restriction to laboratory-based work should be retained
as a limitation until toxicity, animal and clinical
studies are independently completed, 1440 41

XVI. CONCLUSION

Plant-mediated synthesis provides a promising route
for producing metal oxide nanoparticles using
naturally occurring phytochemicals as reducing,
coordinating and stabilizing components. ZnO is a
particularly relevant candidate for antimicrobial
research because its surface chemistry, ROS
generation and Zn?" release can act through several
microbial targets. CuO, iron oxides, TiO. and MgO
provide complementary platforms with distinct redox,
photocatalytic or magnetic characteristics. However,
antimicrobial performance depends on particle size,
morphology, crystallinity, aggregation, surface
chemistry, dose and test conditions, making rigorous
characterization essential. [28 46, 67, 69, 108, 132] The
doctoral research framework based on S.
xanthocarpum stem and root extracts addresses a
meaningful gap identified in the supplied literature. Its
combination of phytochemical screening, green ZnO
synthesis, UV-visible/FTIR/XRD/SEM/TEM
characterization, DPPH antioxidant evaluation and
antibacterial testing can generate a coherent structure
property activity relationship. The ultimate value of
plant-mediated nanoparticles will depend not only on
antimicrobial potency but also on reproducibility,
mechanistic understanding, safety and environmental
compatibility. Therefore, green synthesis should be
viewed as a platform for rational nanoparticle design
rather than simply a substitute for chemical synthesis.
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