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Preface

The conventional chemical way for fabricating nanomaterials is being paid ever-growing
attention due to the environmental pollution, hazardous substances, and threats to human and
ecological health. These traditional strategies frequently overlook the crucial demand of
environmentally benign, scalable, and functionally versatile materials, particularly in the case
of metal oxide nanostructures. The advancement of synthesis approaches combining both
multifunctionality and environmental safety is still a major issue, especially in the case of
mixed metal oxide nanoparticles (MMONS). Phytochemicals based synthesis has recently
emerged as a revolutionary approach in the arena of nanomaterials science, since the bioactive
agents (e.g., flavonoids, alkaloids, phenolic acids, and other plant secondary metabolites) are
being exploited as natural reducing, capping, and stabilizing agents. This green approach of
synthesis gives a two-fold benefit in terms of non-toxicity of the synthetic process, as well as
the unique surface biochemistry of the resulting nanoparticles. These bioactive-functionalized
surfaces with modulated phenolic compounds and their derivatives exhibit enhanced biological

interactions, which are extremely difficult to achieve through traditional synthetic routes.

The present research systematically explores the green synthesis of multifunctional MMONSs
and their diverse applications in environmental remediation, sustainable agriculture, and
antimicrobial defense. Importantly, the phytogenic MMONSs developed in the present work
demonstrate superior performance in terms of bioactivity, stability, and compositional
complexity, which make them an eco-compatible alternative for the chemically synthesized
analogues. In addition, this study highlights the need for extensive background impact
assessments, particularly in the application of these materials in ecological and agricultural
fields. This study develops an environmentally friendly synthesis strategy for ultra-high

performance MMONSs, which is promising in serving green and sustainable materials science
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and better understanding the theoretical parameters, together with the potential global

challenge in environment protection, energy harvesting, and renewable applications.

The thesis is structured as follows:

Chapter 1 offers an exhaustive review of the historical development and evolution of
nanomaterial synthesis, starting from traditional Bhasma formulations to modern
phytochemical-assisted techniques. Emphasis is placed on the comparative analysis of
chemical and biological synthesis strategies, the role of phytoconstituents in nanoparticle
formation. The literature survey along with research gaps and objectives is also presented.
Chapter 2 deals with the phytochemical characterization of medicinal plant utilized for
MMON:Ss synthesis. Comprehensive documentation of reagents, experimental methodologies,
and instrumental techniques for nanoparticles synthesis and characterization, including
advanced spectroscopic and microscopic approaches, is presented.

Chapter 3 investigates the synergistic effects of biogenic Cu/Ni/Co oxide nanoparticles on the
agronomic performance of Abelmoschus esculentus (L.) in conjunction with organic compost
amendments. This chapter also integrates ecotoxicological assessments, focusing on
nanoparticles-soil-plant interactions during critical growth stages.

Chapter 4 examines the influence of compositional variation on the structural, morphological,
optical, and magnetic properties of CuO/NiO MMONSs synthesized using Moringa oleifera
leaves extracts, employing comprehensive physicochemical characterization techniques.
Chapter 5 addresses the antimicrobial efficacy of biogenically synthesized NiO/CuO
nanocomposites against a spectrum of pathogenic strains. The chapter also presents
mechanistic insights derived from in silico molecular docking simulations, correlating
phytochemical interactions with observed bioactivity. A manuscript on the results of this

chapter has been submitted for publication.
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Chapter 6 summarizes the core findings and discusses future prospects, advocating for the
expanded utilization of green synthetic approaches in the development of functional

nanomaterials for health, energy, and environmental applications.

*Note on Published Work

Parts of this thesis are based on the author’s published and accepted research papers.

o Chapter 3 is based on: “Optimizing growth performance of Abelmoschus esculentus
(L.) via synergistic effects of biogenic Cu/Ni/Co oxide nanoparticles in conjunction
with rice straw and pressmud-based vermicompost,” accepted and in press in
Pedosphere, available online on 26" August 2025, DOI:
https://doi.org/10.1016/j.pedsph.2025.08.009.

o Chapter 4 is based on: “Composition dependent variation in structural, morphological,
optical and magnetic properties of biogenic CuO/NiO mixed oxide nanoparticles,”
published in Journal of Alloys and Compounds, Vol. 979, 173422, 2024.

e Chapter 5 is based on: “Evaluation of broad-spectrum antimicrobial efficacy of
biogenic NiO/CuO nanocomposite: In vitro, in silico, and molecular docking approach.
Biomass and Bioenergy, 208, 108882.

https://doi.org/10.1016/j.biombioe.2025.108882.

These papers were authored by Ms. Shalu Yadav (first author) under the supervision of Prof.
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CHAPTER 1

Introduction and Literature Survey

1.1 Background and Significance of Nanotechnology

1.1.1 Definition and Fundamental Concepts

Nanotechnology is a rapidly emerging and by nature, a multidisciplinary field involved
with the manipulation and control of matter at dimensions typically between 1 and 100
nanometres[1]. At this nanoscale dimension, materials acquire some unique and
augmented physical, chemical, and biological properties significantly different from their
bulk counterparts. One of the most essential factors responsible for these novel properties
is the dramatic increase in surface area relative to volume as particle sizes are reduced to
the nanoscale[2]. This high surface-to-volume ratio enhances reactivity, surface energy,
and interaction with surrounding environments, enabling nanomaterials to be highly

efficient in catalysis, drug delivery, environmental remediation, and sensing.

1.1.2 Importance of Nanotechnology

The importance of nanotechnology lies in its broad applicability and its potential to solve
longstanding challenges in healthcare, energy, agriculture, electronics, and
environmental science[3]. In biomedical sciences, their nano sizes allow them to pass
biological barriers and can be designed to perform at targeted drug delivery with minimal
side effects, thus enhancing therapeutic outcomes[4]. In electronics, the use of smaller
particles facilitate miniaturization and the development of faster and more efficient
devices[5]. In materials science, nanomaterials enhance the mechanical strength,

durability, and thermal stability of composites[6]. The revolutionary effect of this field



had a world market of $85 billion in 2021, which rose to $140 billion in 2024, and
expected to rise further to $288 billion by 2030, at a compound annual growth rate of
nearly 19.9% [7]. This rapid increase reveals regular investment and innovation across
distinct domains. Global patents in the field of nanotechnology have increased by more
than 150% from 2000 to 2024, with China grabbing around 40%. The United States is
dedicating over $30 billion worldwide since 2001, highlighting its significance in
research and development[8].

The rapid growth of the nanotechnology industry has simultaneously intensified the
need for sustainable manufacturing strategies. Accordingly, plant-mediated green
synthesis has emerged as a promising alternative to conventional chemical routes by
reducing the use of hazardous reagents, minimizing environmental impacts, and

supporting the principles of green chemistry and circular economy[9]

1.2 Historical Roots and Thermochemical Evolution of Green Nanotechnology

1.2.1 Traditional Metallurgy as a Precursor to Modern Nanoscience

The idea of manipulation of matter at the micro or nano level, though rooted ancient
practices, was realized by scientists in the last few decades only. History indicates the
accidental use of nanomaterials by ancient civilizations, and there is enough evidence that
the art was particularly originated in India[10]. Ancient Indian medicine, particularly
Ayurveda and Siddha systems, has the primary evidence of nanoscale manipulation in
the use of finely powdered metals and minerals, known as Bhasma.

Bhasmas like Swarna Bhasma (gold ash), Rajata Bhasma (silver ash), and Tamra
Bhasma (copper ash) were prepared by complicated incineration techniques and were
presumed to improve bioavailability and therapeutic efficacy[11]. For instance, Swarna
Bhasma works as a Rasayana and immune modulator with antioxidant and anti-

inflammatory potential[12], while Rajata Bhasma exerts strong antimicrobial



activity[13]; Tamra Bhasma supports liver function and metabolic regulation[14],
and Yashada Bhasma (zinc ash) assists in the management of diabetes and ocular
disorders[15], [16], and Abhraka Bhasma (mica ash) prepares respiratory and
reproductive health[17].

The preparation of these metallic and mineral-based medicines is described in ancient
Indian texts like the Charaka Samhita and Rasa Shastra, which detail methods involving
the purification, reduction in particle size, and bio-assimilation of these metals and
minerals. Characterization using modern techniques has proved that most of the Bhasmas
contain particles in the nanometre range[18]. These findings indicate that ancient
metallurgists successfully produced nanocrystalline materials centuries before the
development of modern nanoscience, relying solely on empirical observations and
naturally occurring materials.

The  preparation of Bhasma generally involves four  sequential
stages: Shodhana (purification), Bhavana (wet grinding with herbal
extracts), Marana (controlled thermal calcination), and Amritikarana (post-treatment for
stabilization and detoxification). Although these procedures were developed without
modern theoretical knowledge, they closely resemble several stages involved in

contemporary nanoparticle synthesis, as illustrated in Figure 1.1.

1 2 3
Shodhana Marana Amritikarana
Initial purification of metals Controlled incineration Subsequent processing to
and mmcra!s using herbal alongside plant juices; this enhance safety and efficacy;
Fxtrac.ts.; this process removes transforms the material into this step often creates
impurities and introduces nanoparticles and helps biocompatible layers around
organic molecules. prevent agglomeration. the nanoparticles.
. . ( Thermal ) Surface
Purification decomposition/Calcination functionalization

Figure 1.1: Comparative schematic of Bhasma preparation and nanomaterial synthesis.



Table 1.1 Comparison between traditional Bhasma preparation and modern green
nanoparticle synthesis

Process Traditional Modern Green Thermochemical
Stage Bhasma (Ancient  Nanoscience Significance
Metallurgy) Equivalent
Purification/  Shodhana: heating  Pre-treatment of AG® < 0 for metal-
Activation with herbal metal salts; extract-  ligand complexation;
decoctions; mediated ligand activation energy
removes impurities  exchange lowered by
via reduction phytochelation
Particle Marana: repeated Solution combustion Metal oxidation: M°® —
formation / incineration (600- / calcination (300- M"™ + ne~; exothermic
Nucleation 900°C) in oxidative  600°C) with (AH < 0); drives phase
atmosphere phytochemical fuel  formation
Redox Partial reduction by  Phytochemical Cyclic Cu?*/Cu*/Cu®
cycling organic pyrolysis electron donation and Ni?*/Ni° redox

gases (CO,
hydrocarbons); re-
oxidation in air

(flavonoids,
phenols) reduces
M™ — M°; oxide
capping follows

enables controlled
nucleation kinetics

Stabilization /

Organic residues

Polyphenols and

Surface free energy

Capping from Bhavana coat  proteins adsorb on minimized;
particles; prevent NP surface; zeta thermodynamic driving
sintering potential > [+25 mV| force for capping:
AG surf<0
Particle size Iterative grinding Phytochemical Scherrer equation: D =
control (Bhavana) reduces  concentration kA/(BcosB); particle size

size to nano-range

governs nucleation
rate

is governed by
nucleation kinetics and
crystallite evolution

From a thermochemical viewpoint, the Marana stage closely resembles the calcination

processes employed in modern nanoparticle synthesis. During controlled heating, metals

undergo oxidation reactions that produce thermodynamically stable oxide phases. These

reactions are characterized by negative Gibbs free energy changes (AG® < 0), indicating

spontaneous oxide formation under elevated temperatures according to Ellingham-type

thermodynamic principles[19]. Such transformations are directly analogous to

modern thermal decomposition of metal precursors, where nitrates, acetates, or



hydroxides convert into stable oxide phases such as CuO, NiO, and Cos;O4 under
controlled heating regimes.

A distinctive feature of ancient metallurgical systems is the incorporation of organic
materials derived from plant extracts during intermediate processing stages. Upon
heating, these biomolecules undergo pyrolytic decomposition, generating reducing
species (e.g., CO, hydrocarbons) and transient carbonaceous environments.
Consequently, repeated oxidation and reduction cycles occur during heating, closely
resembling the redox environments observed in modern solution combustion synthesis
(SCS) and other fuel-assisted thermochemical methods [20].

Repeated heating and cooling cycles characteristic of traditional puta systems also
generate thermal gradients that promote lattice fragmentation, defect generation,
recrystallization, and crystallite refinement. These processes closely parallel
contemporary concepts of non-equilibrium thermodynamics, where repeated thermal
cycling stabilizes energetically favourable phases while simultaneously controlling
crystallite size and microstructure. Collectively, these observations suggest that ancient
metallurgical practices can be interpreted as early thermochemical reactors in which
thermal energy governed phase transformations, organic constituents regulated redox
chemistry, and cyclic thermal processing controlled particle growth and crystallinity.
Although these techniques were developed empirically, they embody several of the same

physicochemical principles that underpin contemporary green nanotechnology.

1.2.2 Mechanistic Bridging from Ancient Processing to Modern Green Nanoscience

While the preparation of traditional Bhasma was based primarily on empirical
knowledge, it followed the basic principles of plant based nanomaterials synthesis:
reduction, oxidation, nucleation, and stabilization [21]. The herbal decoctions used in

Shodhana and Marana contained phytochemicals such as polyphenols, alkaloids, and



terpenoids, which act today as reducing and capping agents in plant-mediated green
synthesis.

Green nanotechnology has scientifically refined these age-old principles into a
mechanistic understanding with controlled reaction parameters and advanced
characterization techniques. Contemporary synthesis protocols precisely regulate
precursor concentration, reaction temperature, pH, extract composition, and reaction
Kinetics, enabling reproducible control over nanoparticle size, crystallinity, morphology,
and surface chemistry[21]. Several stages of traditional Bhasma preparation exhibit direct
mechanistic parallels with modern nanomaterial synthesis. For example, the Marana
step, involving high-temperature incineration, finds its counterpart in
modern calcination and thermal decomposition techniques for the preparation of metal
oxide nanoparticles such as CuO, NiO, and Fe.Os; with controlled crystallinity and
particle size. The cyclic heating in their traditional methods has its equivalent in
microwave-assisted syntheses, which ensure rapid and uniform energy transfer to
produce fine and homogeneous particles. Furthermore, extensive mechanical grinding of
metals during Marana has its equivalent in high energy ball milling, a top-down
nanofabrication approach[22].[23]. Incorporation of herbal media as natural
templates reflects modern bio-templating strategies to guide particle shape and
morphology, while the Amritikarana process is in alignment with surface
functionalization approaches used today for improving nanoparticle dispersibility and
biocompatibility. Collectively, these comparisons establish that
ancient Bhasma practices represent an early integration of natural processes for material
transformation, offering a historically rooted foundation for today’s eco-inspired and

green synthesis strategies.



1.3 Methods of Nanoparticles Synthesis

In general, the methods of nanoparticle synthesis are classified into top-
down and bottom-up approaches. In the Top-down approaches, bulky materials are
physically reduced to nanosized particles by mechanical milling, lithography, laser
ablation, or sputtering[24], [25]. While these methods are effective in producing uniform
nanoparticles, they suffer from various disadvantages such as being energy-intensive and
often flawed by surface defects and contamination, with control over particle morphology
not fully exercised. In contrast, in the Bottom-up approaches, nanoparticles are
assembled atom-by-atom or molecule-by-molecule through chemical or biological
routes, which include sol-gel synthesis[26], co-precipitation[27], hydrothermal
processing[28], and biological synthesis. The bottom-up methodology allows for precise
control over particle composition, crystallinity, and size distribution and thus is ideal for
producing multifunctional nanomaterials.

However, most of the chemical and physical routes require toxic solvents, high
temperatures, and reducing agents, which have a high cost in environmental and health
risks. These disadvantages helped to develop green synthesis methods where
nanoparticles are prepared using biological resources such as plants, microbes[29], or

biomolecules[30], [31] that act like natural factories for nanoparticle formation.

1.4 The Need for Green Synthesis

Green synthesis processes demonstrate a strong adherence to the twelve principles of
green chemistry, with environmental safety, sustainability, and waste stream reduction as
critical design considerations[32], [33], [34]. Unlike conventional chemical synthesis,
which depends on hazardous reducing agents such as hydrazine, sodium borohydride, or
formaldehyde green synthesis utilizes naturally occurring plant biomolecules including

flavonoids, terpenoids, alkaloids, phenolic acids, tannins, and reducing sugars[35], [36]



[37]. Each of them performs a dual function, reducing metal ions while also stabilizing
new nanoparticles via surface capping mechanisms, eliminating the need for multiple
processing steps or additional chemical reagents[38], [39]. This integrated mechanism
makes plant-mediated synthesis an excellent choice for eco-friendly and cost-effective
nanomaterial synthesis.

Another important advantage of plant-based pathways is its high energy efficiency.
Most biogenic pathways function at ambient temperatures and pressures, avoiding
energy-intensive thermal or hydrothermal conditions [33], [40], [41]. Compared with
microbial or enzymatic synthesis, plant-based synthesis offers substantial advantages
over microbial or enzymatic techniques in terms of scalability, ease of usage, and
reproducibility, making it a viable option for synthesizing nanomaterials for large-scale
and industrial applications [42].

The environmental and economic benefits of green synthesis have been demonstrated
through several sustainability indicators. In comparison with traditional approaches,
green synthesis has exhibited a reduction in energy consumption by around 30%, cost
savings up to 40% and increase in industrial output up to 50% [43]. These enhancements
translate into substantial savings in operating costs and environmental footprint for
industrial-scale nanoparticle production. Particular green-metric evaluations of metal
oxide nanoparticles offer tangible quantitative targets. For instance, the atom economy of
TiO2 nanoparticles prepared through green routes has been calculated as 19.37%,
percentage yield 97%, stoichiometric factor 8.51 and Kernel reaction mass efficiency
(RME) 18.79% [44]. Collectively, these metrics reflect the potential of plant material in
waste reduction, improve resource utilization, and support large scale production of

nanomaterials[34].



The growing adoption of plant-mediated synthesis therefore reflects a fundamental
transition in nanotechnology from maximizing production efficiency alone toward
balancing material performance with environmental stewardship and economic
sustainability. As research continues to elucidate the molecular mechanisms governing
biogenic nanoparticle formation, attention has increasingly focused on the
phytochemicals responsible for metal-ion reduction, nucleation, particle growth, and

stabilization.

1.5 Role of Phytochemicals in Plant Mediated Nanoparticle Synthesis
1.5.1 Major Phytochemical Classes

The success of plant-mediated nanoparticle synthesis largely depends on the diverse
phytochemicals naturally present in plant extracts. These biomolecules serve as
multifunctional reagents by simultaneously reducing metal ions, regulating nucleation
and crystal growth, and stabilizing the resulting nanoparticles through surface adsorption.
Unlike conventional chemical synthesis, where separate reducing and capping agents are
generally required, plant extracts integrate these functions into a single reaction system,
making nanoparticle synthesis both environmentally sustainable and economically
attractive. Plant metabolites contain numerous electron-donating functional groups,
including hydroxyl (—OH), carbonyl (C=0), carboxyl (-COOH), amino (-NH:), and
glycosidic moieties. These functional groups readily interact with dissolved metal ions
through electron transfer and coordination bonding, initiating nanoparticle formation
under mild reaction conditions. Besides reducing metal precursors, phytochemicals
adsorb onto the nanoparticle surface, lowering surface free energy and preventing
aggregation through steric and electrostatic stabilization. Consequently, they influence
not only nanoparticle formation but also the final particle size, morphology, crystallinity,

surface charge, and colloidal stability [45].



The efficiency of phytochemical-mediated reduction depends on the electrochemical
characteristics of the metal precursor. Metal ions possessing relatively positive standard
reduction potentials, such as Cu?*", are reduced more readily than ions with lower
reduction potentials, including Ni** and Co?*. The overall reduction kinetics are therefore
governed by the combined effects of metal-ion redox potential, phytochemical
composition, reaction temperature, pH, and extract concentration. Understanding these
interactions is essential for controlling nanoparticle nucleation and tailoring the
physicochemical properties of green-synthesized nanomaterials. [46]

The principal phytochemical classes involved in plant-mediated nanoparticle
synthesis include flavonoids, phenolic acids, tannins, alkaloids, terpenoids, proteins,
polysaccharides, and saponins. Although each class exhibits distinct chemical structures,
they collectively contribute to nanoparticle formation through complementary
mechanisms involving electron transfer, metal-ion complexation, crystal growth
regulation, and surface stabilization. Their respective electrochemical roles and
mechanistic functions are summarized in Table 1.2.

Table 1.2 Standard reduction potentials of selected metal ions and mechanistic roles of
major phytochemical classes in plant-mediated nanoparticle synthesis

Species / Standard Major Mechanistic role in
Phytochemical reduction functional nanoparticle synthesis
class potential, E° groups
(V vs. SHE)*
Cu**+2¢ — Cu +0.340 — Easily reduced under mild

phytochemical conditions;
promotes rapid nucleation of
Cu/CuO nanoparticles

Ni?" +2e” — Ni —0.257 — Requires stronger
phytochemical concentration
for reduction

Co* +2e — Co —0.282 — Similar reduction behaviour
to Ni?*; slower nucleation
kinetics than Cu?*

Flavonoids — Catechol, Strong electron donors;

hydroxyl (— reduce metal ions through

oxidation of phenolic groups
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OH), carbonyl

to quinones and stabilize

(=0) nanoparticles by surface
capping
Phenolic acids —OH, -COOH  Donate electrons and form
coordination complexes with
metal ions; contribute to
reduction and stabilization
Tannins Multiple Multiple electron transfer and
phenolic—OH  strong chelation; provide
groups steric stabilization and inhibit
aggregation
Alkaloids Amines, Coordinate with metal ions,
heterocyclic  influencing morphology and
nitrogen nanoparticle stabilization
rather than acting as primary
reducing agents
Terpenoids Alcohol, Mild reducing agents;
aldehyde, regulate crystal growth and
ketone surface stabilization
Saponins Glycosidic Surfactant-like molecules that
hydroxyl improve dispersion and
groups prevent nanoparticle

aggregation

* Standard reduction potential (E°) are taken from the internationally accepted
compilation of standard electrode potentials [46]. The mechanistic roles are summarized
from recent reviews on plant mediated nanoparticle synthesis and therefore represent

generalized mechanisms [39], [47], [48], [49].

The cooperative action of these phytochemicals determines the overall kinetics of
nanoparticle synthesis. Strong electron donors initiate rapid reduction of metal ions and
generate supersaturation, whereas larger biomolecules adsorb onto growing crystal
surfaces to regulate particle growth and prevent uncontrolled aggregation. Consequently,
variations in phytochemical composition among different plant species frequently
produce nanoparticles with distinct sizes, morphologies, crystallinities, and functional

properties despite identical reaction conditions.

Although the specific contribution of each phytochemical class is important, nanoparticle

formation is fundamentally governed by classical nucleation and crystal growth
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mechanisms. These theoretical models provide the mechanistic framework for
understanding how metal ions are transformed into stable nanostructures during plant-

mediated synthesis and are discussed in the following section.

1.5.2 Theoretical Background and Mechanistic Insights

The synthesis of nanoparticles, especially through plant-mediated green chemistry, can
be theoretically explained by classical nucleation theory (CNT), LaMer’s model of
nucleation and growth, and Ostwald ripening mechanisms combined. These models
explain collectively the transformation of ionic precursors into stable nanoscale materials,
whereby phytochemicals act in each stage of nanoparticle formation- nucleation, growth,

and stabilization*2.

1.5.2.1 Classical Nucleation Theory (CNT)

According to the principles of CNT, the formation of nanoparticles initiates the minute
clusters or nuclei from a supersaturated solution of metal ions. In plant-mediated
synthesis, this is initiated when phytochemicals interact with the metal ions, reducing
them into their elemental or oxide forms. With an increase in the concentration of these
reduced atoms, they start aggregating to form stable nuclei, which marks the onset of
nanoparticle formation[50].

The hydroxyl (-OH), carboxyl (-COOH), and amine (-NH:) groups in the
phytochemicals participate in this process. They enable the reduction of metal ions by
lowering the interfacial energy between the forming particles and the surrounding
medium. This reduction in surface energy allows the nucleation to happen naturally,
without any aggressive chemicals or high energy input, in mild conditions of temperature
and pH[51]. After the nuclei were formed, they acted as seeds toward further particle

growth, developing well-defined and stable nanoparticles[52].
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1.5.2.2 LaMer Model: Burst Nucleation and Controlled Growth Mechanism

CNT was further refined by the model of LaMer and Dinegar (1950) into three distinct
stages: pre-nucleation, nucleation burst, and growth phase. After the supersaturation
threshold is achieved, as explained in CNT theory, a sudden formation of a lot of nuclei
within a short duration reduces the metal ion concentration sharply. Extra ions and small
clusters from this decompose and deposit onto existing nuclei, thus continuing particle
growth. Phytochemicals will act not only as reducing agents but also as kinetic
moderators. They will affect therate of nucleation and growth, which governs
nanoparticle size and morphology. High concentrations of reducing phytochemicals
result in rapid nucleation and smaller particle sizes, while a low concentrations or
stronger capping agents result in slower growth and larger, well-faceted nanoparticles.
For instance, polyphenols like catechins and quercetin donate electrons rapidly,
promoting burst nucleation while polysaccharides and proteins with bulky structures

restrict diffusion, favoring gradual growth and shape control[53].

1.5.2.3 Oriented Attachment and Ostwald Ripening Mechanism

After the conclusion of nucleation and the initiation of the growth phase, further
nanoparticles  development run  through two major  pathways: Ostwald
ripening and Oriented attachment. Both steps have critical roles in determining the final
size, shape, and stability of nanoparticles synthesized via plant-mediated routes. In this
green synthesis, Ostwald ripening (grow of larger nanoparticles at the expense of smaller
ones due to differences in solubility and surface energy) is suppressed by phytochemical
capping agents (such as polyphenols, proteins, and polysaccharides) through protective
layers that slow down dissolution and prevent uncontrolled aggregation. The degree of
ripening depends on factors such as extract composition and temperature[54]. On the

other hand, the functional groups in plant metabolites selectively bind to particular crystal
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facets to minimize the surface energy, directing Oriented attachment processes and

leading to anisotropic structures such as rods, spheres, or plates[55], [56].

1.5.2.4 Role of Metal ion-Phytochemical Interaction

The coordination chemistry between metal ions and phytochemicals governs the
initiation and evolution of nanoparticles. Hydroxyl and carboxyl groups in phenolic
compounds form coordination complexes with metal ions such as Cu?*", Ni**, and Zn*',
which subsequently undergo reduction[57]. On the other hand, the electron-donating
ability of phytochemicals is correlated with their redox potential; flavonoids and
polyphenols can donate electrons through z—= conjugation systems, leading to metal ion
reduction and oxide formation[58], [59]. Similarly, the binding of organic molecules to
the nanoparticle surface stabilizes the colloidal system and modulates its zeta potential,
preventing aggregation[60]. These interactions collectively explain the bio-directed
assembly of nanoparticles, where plants act as natural nano-factories performing
reduction, nucleation, growth, and stabilization in a single integrated process.

Overall, plant-mediated nanoparticle synthesis represents a highly coordinated
process in which thermodynamics, reaction kinetics, nucleation theory, crystal growth
mechanisms, and phytochemical coordination chemistry collectively determine the
structural and functional characteristics of the final nanomaterial. While these theoretical
models explain the mechanisms governing nanoparticle formation, the efficiency of each
stage ultimately depends on the chemical nature of the phytochemicals present in the
plant extract. Different classes of plant metabolites exhibit distinct reducing capacities,
coordination behaviour, and surface-binding affinities, thereby influencing nanoparticle
nucleation, growth, morphology, and stability. The following section therefore examines
the major phytochemical classes individually and discusses their specific mechanistic

roles in plant-mediated nanoparticle synthesis.
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1.5.3 Major Phytochemical Classes Involved in Plant-Mediated Nanoparticle
Synthesis

Although plant extracts contain hundreds of secondary metabolites, only a limited
number of phytochemical classes actively participate in nanoparticle formation. Their
contribution depends on molecular structure, redox potential, coordination chemistry, and
affinity for nanoparticle surfaces. Collectively, these compounds regulate metal-ion
reduction, nucleation kinetics, crystal growth, morphology, colloidal stability, and,

ultimately, the physicochemical properties of the synthesized nanoparticles[45].

1.5.3.1 Flavonoids
Flavonoids constitute one of the most abundant classes of polyphenolic compounds found

in higher plants and are regarded as the primary reducing agents during plant-mediated
nanoparticle synthesis. Structurally, they possess a characteristic C6-C3-C6 carbon
framework consisting of two aromatic rings connected by a three-carbon bridge [61]. The
presence of multiple hydroxyl and carbonyl functional groups enables flavonoids to
readily donate electrons through oxidation of phenolic hydroxyl groups to quinone
structures. During nanoparticle synthesis, flavonoids reduce metal ions such as Cu?*, Ag",
Av**, and Fe** into their corresponding metallic or metal oxide forms while
simultaneously coordinating with the nanoparticle surface through oxygen-containing
functional groups[62]. This surface adsorption decreases interfacial free energy,
suppresses particle aggregation, and improves colloidal stability through both steric and
electrostatic stabilization.

In addition to initiating nucleation, flavonoids regulate crystal growth by selectively
binding to energetically favourable crystal planes. Consequently, plant extracts rich in
flavonoids frequently produce nanoparticles with smaller crystallite sizes, narrow
particle-size distributions, and enhanced antioxidant activity. Because of their strong

reducing ability and multifunctional surface interactions, flavonoids are generally

15



considered the dominant phytochemicals responsible for nanoparticle formation in most

medicinal plants (Table 1.2).

1.5.3.2 Phenolic Acids
Phenolic acids represent another important group of electron-rich phytochemicals

involved in nanoparticle synthesis. These compounds contain one or more hydroxyl
groups attached to aromatic rings together with carboxylic acid functionalities that readily
coordinate with metal ions [63].

The hydroxyl groups donate electrons during metal-ion reduction, whereas the
carboxyl groups form stable coordination complexes that regulate nucleation and crystal
growth. Following reduction, phenolic acids remain adsorbed on nanoparticle surfaces
through hydrogen bonding and metal-oxygen coordination, improving colloidal stability
and reducing particle aggregation [64].

Compared with flavonoids, phenolic acids generally exhibit moderate reducing power
but stronger coordination behaviour, making them particularly effective in regulating
crystal growth and improving nanoparticle dispersion. Their antioxidant properties also

contribute to the long-term stability of colloidal suspensions [65].

1.5.3.3 Tannins
Tannins are high-molecular-weight polyphenolic compounds containing numerous

hydroxyl groups capable of donating multiple electrons simultaneously. Their large
molecular size and abundance of phenolic functionalities enable them to function as both
powerful reducing agents and highly effective stabilizing molecules [66].

During nanoparticle synthesis, tannins rapidly chelate dissolved metal ions and
promote reduction through multiple electron-transfer pathways. Owing to their polymeric
structure, they form dense protective coatings around growing nanoparticles, producing
strong steric stabilization that effectively suppresses agglomeration. Nanoparticles

synthesized using tannin-rich extracts therefore frequently exhibit excellent colloidal
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stability and improved resistance to oxidation. Moreover, the strong metal-chelating
ability of tannins allows them to regulate crystal growth by selectively adsorbing onto

specific crystallographic planes, thereby influencing particle morphology [67], [68].

1.5.3.4 Alkaloids
Unlike polyphenolic compounds, alkaloids contribute primarily through coordination

chemistry rather than direct electron donation. Alkaloids are nitrogen-containing
heterocyclic compounds possessing lone-pair electrons capable of coordinating strongly
with transition-metal ions [69].

These coordination interactions influence the local chemical environment surrounding
metal ions prior to reduction. Many alkaloids remain associated with nanoparticle
surfaces after synthesis, contributing to enhanced biological activity, particularly
antimicrobial and anticancer properties, by modifying surface chemistry and facilitating

interactions with biological membranes[70].

1.5.3.5 Terpenoids
Terpenoids comprise a structurally diverse family of natural products derived from

isoprene (CsHs) units. Their molecular structures commonly contain alcohol, aldehyde,
ketone, and ester functional groups capable of participating in metal-ion reduction under
mild conditions. Hydrophobic interactions between terpenoids and nanoparticle surfaces
further contribute to colloidal stabilization by reducing particle aggregation and

improving dispersion within the reaction medium [45], [71].

1.5.3.6 Saponins
Saponins are amphiphilic glycosides composed of a hydrophobic aglycone linked to one

or more hydrophilic sugar chains. Owing to this unique molecular architecture, saponins
behave similarly to natural surfactants during nanoparticle synthesis. Rather than acting
as strong reducing agents, their principal function is to stabilize nanoparticles after

nucleation has occurred[66], [72] .
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1.5.3.7 Synergistic Role of Phytochemicals
In practice, nanoparticle synthesis is rarely governed by a single phytochemical. Instead,

plant extracts contain complex mixtures of flavonoids, phenolic acids, tannins, alkaloids,
terpenoids, proteins, polysaccharides, and other secondary metabolites that function
cooperatively throughout nanoparticle formation. Strong reducing compounds such as
flavonoids and tannins initiate rapid metal-ion reduction, whereas larger biomolecules-
including proteins, polysaccharides, and saponins-predominantly regulate crystal growth
and stabilize the resulting nanoparticles.

The relative abundance of these phytochemicals varies considerably among plant
species, extraction solvents, geographical location, seasonal variation, and physiological
age of the plant. Consequently, even under identical reaction conditions, different plant
extracts frequently produce nanoparticles with distinct sizes, morphologies,
crystallinities, and biological activities. Understanding these synergistic interactions is
therefore essential for optimizing green synthesis protocols and tailoring nanoparticle
properties for specific environmental, biomedical, catalytic, and agricultural applications.

The coordinated action of phytochemicals determines the structural characteristics of
nanoparticles during synthesis. Depending on their composition, crystal structure,
morphology, and dimensionality, the resulting nanomaterials exhibit distinct
physicochemical properties that govern their performance in practical applications. These
characteristics provide the basis for the classification of nanomaterials discussed in the

following section.

1.6 Classification of Nanomaterials

1.6.1 Classification by Dimensionality
Nanomaterials are classified based on how many dimensions fall within the nanoscale (1-

-100 nm). The properties of nanomaterials significantly vary with their dimensional

structure.
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Table 1.3 Classification of nanomaterials based on dimensionality and representative
examples

Type  Nanoscale Dimensions Examples
oD All three Quantum dots, metal nanoparticles
1D Two Nanorods, nanowires, nanotubes
2D One Graphene, nanosheets

3D All, or bulk with nano features Nanoporous materials, nanocomposites

1.6.2 Classification by Origin
Nanomaterials can originate naturally, form as by-products of human activities, or be

intentionally synthesized. This classification provides insight into their environmental
presence and applications[73]:

Table 1.4 Classification of nanomaterials by origin

Type Examples
Natural Clays, volcanic ash, milk proteins
Incidental Diesel exhaust, welding fumes

Engineered Silver nanoparticles, CNTs, TiO2 NPs

1.6.3 Classification by Composition
Nanomaterials can also be grouped by their chemical makeup. Each type has distinct

physical and chemical properties[74] as shown.

Table 1.5 Classification of nanomaterials by composition

Type Examples
Metallic Ag, Au, Cu, Fe nanoparticles
Metal Oxide ZnO, TiO2, FesO4 nanoparticles
Carbon-Based Fullerenes, carbon nanotubes, graphene

Polymeric Dendrimers, PLA, chitosan NPs
Ceramic Silicon carbide, alumina
Composite Metal-polymer nanocomposites

1.6.4 Classification by Morphology
The shape and surface structure (morphology) of nanomaterials greatly influence their

behavior and applications[75] as depicted below.
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Table 1.6 Classification of nanomaterials by morphology

Morphology Examples
Spherical Gold nanoparticles, polymer spheres
Rod-shaped ZnO nanorods, gold nanorods
Tubular Carbon nanotubes (CNTS)
Sheet-like Graphene, MoS: nanosheets
Porous Mesoporous silica, zeolites

Core-shell  Fes04@Si02, Au@polymer nanoparticles

The classification of nanomaterials provides the structural framework necessary to
understand their diverse physicochemical properties and technological applications.
Among the various categories, plant-mediated metal oxide nanoparticles have attracted
considerable attention because of their multifunctionality and sustainable production
routes. The following section reviews recent advances in the green synthesis,
characterization, and applications of metal oxide and mixed metal oxide nanoparticles,
with particular emphasis on the current state of research and the knowledge gaps

addressed in the present study.

1.7 Literature Review

Owing to their simplicity and environmentally friendly attributes, over the last decade,
synthesis of metal oxide nanoparticles using plant extracts has received considerable
research attention and hopefully brings in a host of multifunctional applications. This
section will discuss the present status of the literature on green-synthesized metal oxide
nanoparticles with respect to their synthesis methodologies, characterization, properties,
and applications, especially with regard to mixed metal oxide nanoparticles and their
potential advantages over single-component systems. The various steps pertaining to

nanoparticle synthesis using plant extracts are depicted schematically below.
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Selection of Plant ‘

Selection of Plant Part ‘

Washing and Extract Preparation ‘
Addition of Precurser Salt ‘
Separation of Nanoparticles

Figure 1.2: Flow chart illustrating the steps involved in plant mediated synthesis of
nanoparticles.

1.7.1 Reported Synthesis and Applications of Mixed Metal Oxide Nanoparticles
Recent advances in green nanotechnology have demonstrated the successful synthesis of
individual metal oxide nanoparticles such as CuO, NiO, ZnO, Fe203 and CoO using a
variety of plant extracts rich in reducing and stabilizing phytochemicals. Copper oxide
(CuO) nanoparticles synthesized using Azadirachta indica and Aloe vera extracts exhibit
strong antimicrobial, antioxidant, and photocatalytic properties, attributed to efficient
charge separation and high surface reactivity[76], [77]. Nickel oxide (NiO) nanoparticles
produced from Aloe vera, Azadirachta indica, and Camellia sinensis extracts display
outstanding electrocatalytic and energy storage behavior due to their p-type
semiconducting nature and large surface area, making them suitable for supercapacitors,
photocatalytic oxidation reactions, and gas sensing applications [78], [79], [80].
Similarly, cobalt oxide (CoxOy) nanoparticles synthesized using Azadirachta indica,
Calotropis, and Psidium guajava extracts exhibit redox flexibility (Co*/Co*"), magnetic
functionality, and biological activity, supporting their use in battery/electrode, catalysis,
and energy conversion systems[49], [81], [82], [83].

From success of single metal oxides, increasing research attention has been shifted to
mixed metal oxide nanoparticles, showing a synergistic enhancements in structural,

optical, and electronic behavior. The coupling of different metal oxides provides
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heterojunction interfaces that help to enhance charge separation, redox potential, and
surface reactivity. For instance, CuO-NiO (~30 nm) composites synthesized by the leaf
extract of Mimusops elengi showed reasonable antibacterial activities against E. coli and
B. subtilis[84]. Further, a CuO/NiO nanocomposite synthesized using Saussurea costus
plant extract exhibited good performance as a supercapacitor electrode and further
supported the pragmatic utility of such mixed oxides[85].

However, while literature on mixed oxides involving CoO or cobalt oxide phases via
plant synthesis is at a low ebb, the opportunity is clear. Despite these promising findings,
systematic studies focused on ternary mixed oxides, especially CuO/NiO/CoO prepared
by plant-mediated routes, are also scarce. In addition, the phytochemical composition and
process parameters-property correlations leading to such interesting multifunctional
properties remain unclear yet, thus providing an opportunity for the development of
sustainable, high-performance mixed metal oxide nanomaterials using green synthesis

methodologies[39].

1.7.1.1 Nanoparticles for Environmental Applications

Several of these studies illustrated green synthesized nanoparticles showing potential for
improving productivity and sustainability. Biosynthesized CuO-Fe.0; and NiO-Fe20s
systems synthesized from the leaves extracts of Camellia sinensis and Ocimum sanctum
have yielded high photocatalytic degradation efficiencies (>90%) for organic dyes and
pesticides under sunlight irradiation[59]. These composites also showed antimicrobial
protection for crops and could improve nutrient uptake efficiency, thereby reducing the
use of chemical fertilizers. Similarly, CuO-ZnO nanocomposites prepared with Citrus
sinensis and Azadirachta indica extracts were found to show broad-spectrum
antibacterial and antifungal properties, which could be useful in the priming of seeds and

controlling pathogens in crops[86]. The synergy between CuO and ZnO enhances the
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formation of ROS and surface adsorption, accounting for improved disinfection
efficiency and photocatalytic soil pollutant degradation. On the other hand, some of the
recent studies warned that excess nanoparticle concentration might disturb the soil
microbial balance, indicating ecological trade-offs[87].

Despite such promising results, these agricultural studies still suffer from a lack of
standardized synthesis methods and optimized dosage; thus, inconsistent results are
obtained among different plant species and under variable soil conditions. Besides, the
long-term effects of nanoparticles on soil microbes, nutrient balance, and toxicity require
more detailed studies[88]. Moreover, environmental advantages of green synthesis are
better confirmed by studies on life cycle assessment, however research on this topic is
limited. The comparative LCA of green and chemical synthesis of TiO. nanoparticles
indicates that chemically manufactured TiO. contributes significantly to greenhouse gas
emissions and respiratory impacts. In contrast, the green method considerably reduces
both toxicity and greenhouse gas emissions [89], [90]. Another framework for assessing
sustainability is the waste to product mass ratio (i.e. E-factor). A green one-pot synthetic
approach minimizes the E-factor by removing multi-step additions of reagents and the
total amount of raw materials required per unit of product [34], [90]. The quantitative
indicators such as- energy reduction, cost savings, increased output, atom economy,
yield, stoichiometric efficiency, and LCA confirmed reductions in greenhouse gas
emissions and toxicity, establishing green synthesis as a more sustainable approach to

nanoparticle production.

1.7.1.2 Magnetic and Structural Properties

Mixed oxides may show tunable magnetic coupling (ferromagnetic, antiferromagnetic,
exchange bias) due to interactions between cation sublattices. Al-Yunus and co-workers

produced saponin-assisted CuO-NiO composites showing both ferromagnetic and
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superparamagnetic phases, controlled by the Cu:Ni ratio[91]. Magnetic characteristics in
biogenic MMOs originate from exchange interactions between mixed-valence ions and
oxygen vacancies. NiO-CoO composites synthesized via Tridax procumbens and Aloe
vera extracts showed soft magnetic behavior, improved coercivity, and enhanced
electrochemical stability suitable for supercapacitor and magnetic sensing
applications[92], [93].

However, most studies lack direct correlation between the phase composition and
magnetic response with their focus remained largely on pH and oxidation state effects
rather than compositional optimization. Some studies also lacked quantitative coercivity

or magnetization data, limiting its magnetic depth.

1.7.1.3 Pharmaceutical and Biomedical Applications

Nanoparticles synthesized via plant extracts exhibit significant antimicrobial and
biomedical potential due to their redox-active surfaces and nanoscale interactions. Aegle
marmelos-derived CuO-NiO nanocomposites with strong antibacterial effects against E.
coli and B. subtilis[94], while Cu doping in NiO showed efficient antibacterial and
antifungal properties through oxygen vacancy generation[95]. In addition, during a plant-
mediated synthesis study, the CuO-ZnO-MnO mixed oxide NPs were more antimicrobial
compared to their individual oxides[96]. From these studies, it is concluded that green-
synthesized nanoparticles can be used as multifunctional antimicrobial agents, which
might provide safer alternatives to conventional antibiotics and catalysts.

Despite promising results, there is still a lack of phytochemical evaluation,
biodistribution, and biocompatibility data under physiological conditions. Thus the
linkage between nanoparticle surface chemistry and biological response is not well
investigated, hindering the mechanistic understanding of the biological responses. Future

work should be directed at systematic nanotoxicology, dose-response analysis, and
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clinical validation, and mechanistic understanding by models to enable safe biomedical

application.

Biomedical | Agric:ulture

+ Antioxidant + Nanofertilizer
* Antimicrobial + Biosensor
* Anticancer + Nanopesticide
* Drug delivery « Germination
enhancer

Biodiesel Other
» Transesterificati industrial

on catalyst applications
* Fuel enhancer * Bioremediation

additive « Catalysis

* Electronics

Figure 1.3: Major applications of nanomaterials in biomedical, agricultural, energy, and
industrial sectors.

Table 1.7 Comparative summary of green-synthesized mixed metal oxide nanoparticles

Nanoparticle  Plant Extract Particle  Efficacy References
System Size (nm)
CuO Azadirachta indica 68.72 Antibacterial [76]

activity and dye
degradation

CuO Azadirachta indica, = 30.90- Antibacterial and  [77]
Simmondsia 10.70 antifungal activity
chinensis

NiO Aloe vera 40.07 Energy storage [78]

ZnO-CuO- Azadirachta indica 25.26, Photocatalytic [79]

NiO 18.42, activity

10.50

NiO Camellia sinensis 26, 35 Gas sensor [80]

applications

CoO Psidium guajava 30.90 Photocatalytic and  [81]

antibacterial
activity

CuO-NiO Mimusops elengi 30 Antibacterial [84]

activity

CuO/NiO Saussurea costus 18-30 Supercapacitor [85]

NiCO204 Hyphaene thebaica 20-30 Photocatalytic and [92]

electrochemical
activity
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TiO; Cymbopogon citratus - Life cycle [89]

assessment

NixCo1.xFe;04 Aloe vera 28 Magnetic study and  [93]
antimicrobial
activity

NiCuO Cullon tomentosum 31 Antibacterial and [95]

anticancer activity

From Table 1.7 it can be observed that smaller crystallite sizes (18-35 nm) generally
correspond to enhanced antibacterial activity due to increased surface reactivity, whereas
larger particles are often reported for photocatalytic applications where crystallinity
becomes more influential than particle size. Surface characterization was inconsistently
reported across studies, hence direct quantitative comparison was not possible. These
shortcomings provide a strong rationale for the present work, which aims to establish

comprehensive structure-property relationships in green synthesis.

1.8 Motivation and Research Gaps

The rapid development of nanotechnology has opened new horizons in materials science,
while conventional chemical synthesis routes are particularly problematic due to their
dependence upon toxic reagents and high energy inputs, together with hazardous by-
products. Keeping in view the discussed limitations, plant-mediated synthesis is being
modernly considered a sustainable and eco-friendly alternative. However, there is still a
number of critical research gaps derived from existing literature which encourage a

systematic investigation.

1.8.1 Research Gaps

1) Most of the work on green synthesis are restricted to single oxides, while binary and
especially ternary composites such as CuO/NiO/CoO have been rarely reported, though
they might combine synergistic performance improvements, which restricts our

understanding of multicomponent systems.
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2) The discrete role of each phytochemical in the processes of nucleation, growth, and
stabilization of mixed oxides remains very poorly described. Previous studies usually
regarded plant extracts as homogenous reducing agents without deep characterization of
their phytochemical composition and explanation regarding how different metabolite
classes contribute to different synthesis stages. This mechanistic gap hinders rational
optimization of green synthesis processes and reproducible production of nanoparticles
with tailored properties.

3) Previous reports typically highlight one property, for instance, photocatalytic or
antimicrobial activity, without probing multifunctional behavior in the same system. Few
reports relate morphological, compositional, and surface chemistry changes to several
functional properties; hence, a general understanding of the influence of nanoparticle
design on diverse applications remains incomplete.

4) While biocompatibility studies exist for some green synthesized nanoparticles,
comprehensive  ecotoxicological evaluations examining soil-nanoparticle-plant
interactions, environmental persistence, and long-term ecological impacts remain limited,
particularly for agricultural applications of metal oxide nanoparticles.

5) Few studies combine green nanoparticle synthesis with the principles of a circular
economy by applying agricultural or industrial waste streams for nanoparticle synthesis

and related processes in general.

1.8.2 Thesis Objectives

The present research effort has systematically pursued the green synthesis of
multifunctional mixed metal oxide nanoparticles (MMONSs), with emphasis on binary
and ternary systems, in order to address these identified gaps. The overriding motivation

is to find environmentally benign, sustainable synthesis methodologies that concurrently
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pursue high performance while addressing global priorities in waste reduction, resource
efficiency, and ecological protection.

Primary Goals:

1. Elaboration and optimization of green synthesis methodology of binary CuO/NiO and
ternary CuO/NiO/CoO mixed metal oxide nanoparticles using Moringa oleifera leaves
extracts as natural reducing and stabilizing agent.

2. Characterization and explanation of compositional dependence of structural,
morphological, optical, and magnetic properties of biogenic mixed metal oxide
nanoparticles.

3. To analyze multifunctional properties, such as soil reclamation and antimicrobial
properties, including bactericidal and fungicidal activities.

4. To establish structure-property relationships that relate the nanoparticle characteristics
with observed functional properties.

5. To assess the agronomic efficacy of biogenic CuO/NiO/CoO nanoparticles in
enhancing crop productivity, coupled with proper ecotoxicological assessments.

6. To illustrate the integrated approach of green synthesis with waste valorization by
using agricultural residues for vermicompost preparation and nanoparticle synthesis.

7. To underpin the mechanistic basis of antimicrobial efficacy by molecular docking and
in-silico simulations correlating phytochemical-pathogen interactions with observed

bioactivity.

1.9 Conclusions

Chapter 1 highlighted the development and importance of green nanotechnology,
underlining plant-mediated synthesis as a sustainable route for synthesizing
multifunctional mixed metal oxide nanoparticles (MMONS). It provides the scientific link

between ancient metallurgical practices and modern eco-friendly nanoscience, yet it
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identified key research gaps, mainly in unexplored binary and ternary systems,
unidentified phytochemicals, and poor structure-property relationships. Filling these gaps
has high relevance for developing high-performance, biocompatible nanomaterials
applicable to environmental, agricultural, and biomedical fields. These are essential
research areas, where biogenic metal oxide nanoparticles promise to play an important
role in the near future. With ongoing research, they are expected to bring breakthroughs
in tackling global challenges in healthcare, environmental remediation, and sustainable

energy solutions.

“Building on this foundation, Chapter 2 focuses on the experimental design for the
synthesis and characterization of biogenic CuO/NiO and CuO/NiO/CoO nanoparticles
using Moringa oleifera extract. It elaborates on the materials, green synthesis
methodology, analytical techniques, biological assays, and agricultural performance
evaluations. This chapter bridges theoretical understanding with practical
implementation, contributing to the development of sustainable, application-driven

nanomaterial.”
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CHAPTER 2
Materials and Methods

2.1 Materials

The chemicals cupric acetate [Cu(CH3COQ)2.H.0O, 98%], copper nitrate
[Cu(NOs)2:3H20, 97%], nickel acetate [Ni(CH3COO)2.4H,0, 98%], nickel nitrate
[Ni(NOs)2-6H20, 97%], cobalt nitrate [Co(NO3)2.6H-0, 97%], methanol [CH3OH], and
ethanol [C2HsOH, 99.9%] were procured from Molychem, India. Leaves of Moringa
oleifera were obtained from the premises of Rajiv Gandhi Institute of Petroleum
Technology, Jais, India. Okra seeds were purchased from a local seed vendor in Jais,
India. The earthworm species E. fetida was used to bio-transform agricultural wastes into
vermicompost at the Bioconversion and Engineering Laboratory, Rajiv Gandhi Institute
of Petroleum Technology, Jais, India. A multi-elemental standard stock of 100 pg/mL,
FINAR-92, provided by Inorganic ventures, was used for the preparation of standards of
1 ppm, 5 ppm, 50 ppm, and 100 ppm. Ultrapure (Milli-Q®, Millipore, USA) water was
used for preparing solutions and for dilutions during ICP-OES analysis. Glassware was
soaked in a 10% (v/v) nitric acid solution for 6 hours and rinsed with deionized water
before use.

The bacterial strains Staphylococcus aureus (Microbial Type Culture Collection,
MTCC-96), Escherichia coli (MTCC-40), Shigella flexneri (MTCC-1457), and
Salmonella enterica (MTCC-3858) and fungal test pathogens Fusarium oxysporum
(MTCC-1755), Aspergillus niger (MTCC-252), and Aspergillus flavus (MTCC-798)
were obtained from MTCC, IMTECH Chandigarh, and preserved at 4°C on nutrient agar

slants.
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2.2 Selection of plant (Moringa oleifera) for biosynthesis

The selection of an appropriate plant is a critical determinant in the success of biogenic
synthesis. Plants exhibiting year-round availability and rich phytochemical diversity are
particularly advantageous, ensuring both practicality and reproducibility of the synthesis
process. Considering the criteria, Moringa oleifera, commonly known as the “drumstick
tree” or “miracle tree,” is an ideal raw material for nanoparticle synthesis. It is a highly
valued plant which has gained significant scientific interest due to its rich nutritional
profile and diverse pharmacological properties, including antioxidant, anti-inflammatory,
antimicrobial, and anticancer activities. Almost every part of the plant viz. leaves, pods,
bark, and seeds, contains a wide array of bioactive compounds such as flavonoids,
alkaloids, phenolics, terpenoids, tannins, and saponins, which collectively contribute to
its strong reducing, capping, and stabilizing capabilities[97].

The concentration and composition of reducing phytochemicals directly influence
nanoparticle nucleation, crystal growth, and surface stabilization. Recent studies have
reported that Moringa contains exceptionally high total phenolic content (TPC) (around
49.02 mg gallic acid equivalents/g extract) and total flavonoid contents (TFC)
(near 52.96 mg quercetin equivalents/g) [98] relative to other plant sources commonly
used in biogenic synthesis. The contents depend on extraction solvent and geographical
origin and hence are variable. Plants possessing high TPC, TFC, and abundant
antioxidant metabolites generally exhibit greater reducing power and produce more stable
nanoparticles, hence Moringa oleifera was utilized for the synthesis[99], [100]. This
study experimentally validates this selection through GC-MS and UPLC analyses in
further sections confirming the presence of key phytoconstituents directly involved in the

nanoparticle reduction and stabilization.
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Despite the extensive use of Moringa oleifera in biogenic nanoparticle synthesis,
critical research gaps remain that justify its continued investigation as discussed in
Chapter 1. Along with lack of mechanistic clarity most studies rely on qualitative rather
than quantitative analyses[101]. Many plant-based nanoparticle synthesis assume broad
classes of molecules (phenolics, flavonoids, proteins) action, but rarely quantify their
individual roles as pointed in a review by Coelho and co-workers[102] . Moreover,
integrated use of chromatography (GC-MS or UPLC) along with spectroscopic
techniques to track the fate and interplay of lipophilic and hydrophilic constituents is
rarely done in MO-based nanoparticle work[103]. Although some recent studies have
started exploring the intermediate mechanism, but not to the level of full quantitative
kinetics or molecular-level dissection. Therefore, this thesis aims to address these
limitations by employing an integrated analytical approach to achieve a more detailed
understanding of the underlying biochemical mechanisms and reaction dynamics

involved in the biogenic synthesis process.

2.3 Preparation of Moringa oleifera Leaves Extract

Freshly collected leaves of Moringa oleifera were first washed with tap water to remove
dust and then by distilled water to remove further impurities. The leaves extract was
prepared in a fixed ratio of dried leaves to solvent i.e., 1:10. For instance, 10 grams of M.
oleifera powder were soaked in 100 mL solvent (water-methanol or ethanol) mixture for
1 hour. Thereafter, the mixture was given ample time to stir well at 60+5 °C for 2 hours.
It was then filtered using Whatman filter paper (pore size 125 mm) to obtain the leaves
extract (1:10 ratio). The M. oleifera leaves extract was kept under refrigeration until

further use.
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2.4 Phytochemical Profiling of Moringa oleifera Extract

2.4.1 Qualitative screening of Moringa oleifera Leaves Extract

Initial biochemical screening confirmed the presence of various categories of organic
compounds within the M. oleifera leaves extract through standard qualitative assays
(Figure 2.1).

The identification included:

¢ Flavonoids: verified through lead acetate precipitation assay

Alkaloid molecules: detected using Wagner's precipitation method

Saponin glycosides: confirmed via foam formation examination

Tannin polyphenols: identified through lead acetate precipitation assay

Terpenoid structures: established using Salkowski's color development test

Figure 2.1: Qualitative assays for phytoconstituent screening of Moringa oleifera extract

2.4.2 Gas Chromatography-Mass Spectrometry (GC-MS/MS) Analysis
2.4.2.1 Instrumentation and Sample Preparation

The phytochemical constituents of Moringa oleifera leaf extract were analyzed using a
GC-MS/MS system (Shimadzu GCMS-TQ8040) equipped with an AOC-20i auto-
injector. Separation was achieved on a SH-Rxi-5Sil MS column (30 m x 0.25 mm ID x
0.25 pm film thickness; 5% biphenyl, 95% dimethylpolysiloxane), providing high
thermal stability and low bleed. The injector, ion source, and interface temperatures were

maintained at 250 °C, 230 °C, and 250 °C, respectively, with injections performed in
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splitless mode. The oven temperature was programmed from 50 °C (2 min hold) to 310
°C at 10 °C/min, with a 25 min final hold and a total run time of 53 minutes. The system
operated in Q3 scanning mode under electron impact ionization (70 eV), recording
spectra across m/z 50-600. Compounds were identified by comparing their mass spectra
with the NIST 20 and Wiley 11 libraries and accepted only for spectral similarity scores
>90%, enabling detection of both volatile and semi-volatile phytochemicals in the extract
with high accuracy.

Approximately 100-200 mg of dried extract was dissolved in methanol, ethyl acetate,
or hexane, depending on solubility. The solution was further diluted (1 mL to 10 mL)
using the same solvent prior to injection. A 1 pL aliquot of each prepared sample was
introduced into the GC-MS/MS system using the auto-injector to ensure precision and
reproducibility.
2.4.2.2 Analysis of GC-MS Profile

The GC-MS separation technique identified a diverse array of bioactive phytochemicals,
including fatty acids, sterols, tocopherols, terpenoids, and long-chain hydrocarbons as
listed in Table 2.1 (Chromatogram A12 ). The fatty acids identified in the extract,
particularly n-hexadecanoic acid and a-linolenic acid, serve as natural reducing agents
that initiate the nucleation stage by coordinating with metal centres and donating
electrons or H-atoms by their -COOH and -OH groups during nanoparticle
synthesis[104]. In parallel, phytol, a diterpenoid alcohol, supports this redox process
through its unsaturated and -OH rich chain structure, facilitating rapid electron transfer
and enhancing the stability of nascent nanoclusters[102].

Compounds belonging to the tocopherol family (B- and y-forms) function dually as
antioxidants and capping agents. Their phenolic moieties neutralize reactive oxygen

species produced during synthesis, preserving nanoparticle integrity and preventing
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oxidation of the metallic surface. These molecules also form a protective organic layer
around the nanoparticles, introducing steric stabilization that maintains uniform
dispersion and colloidal stability[105].

In addition, sterols and triterpenoids such as y-sitosterol, fucosterol, and B-amyrin
modulate morphology. Their large hydrophobic frameworks create van der Waals
interactions that influence particle uniformity and shape control[106], while squalene, a
triterpene hydrocarbon, acts as a hydrophobic spacer, enhancing dispersion and
biocompatibility by forming an amphiphilic interface around the core[102].

Together, these biomolecules reflect the cooperative interaction between hydrophilic
(carboxylic, phenolic) and lipophilic (sterol, terpenoid) phytochemicals, which together
ensure controlled growth and surface passivation of nanoparticles.

Table 2.1: Major Phytochemical Constituents Identified in Moringa oleifera Leaves
Extract through GC-MS/MS Analysis

Retention Probable Role in
; Molecular Base Area ;
Time Compound Name Nanoparticle
. Formula m/z % .
(min) Synthesis
Acts as a reducing and
capping agent;
stabilizes nanoparticle
surfaces.

Polyunsaturated fatty
acid contributing to
reduction and surface
modification.

Potent antioxidant
aiding in stabilization
and preventing
agglomeration.

Sterol molecule
contributing to
nanoparticle
morphology regulation.

Enhances surface
activity and
biocompatibility of
nanoparticles.

n-Hexadecanoic acid

(Palmiticacid) ~ C'eH=02 7310 1585

18.55

9,12,15-
20.19 Octadecatrienoic acid CisH3z00. 79.10 8.84
(a-Linolenic acid)

B-Tocopherol, O-

methyl- CoHs00: 165.15 22.35

27.62

28.96 y-Sitosterol C»Hs00O 43.10 8.54

29.07 Fucosterol C»H4sO 314.30 5.88
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Retention Molecular Base Area Probable Role in

Time Compound Name Formula miz % Nanopart!cle

(min) Synthesis
Alcohol derivative

19.87 Phytol C20HsO 71.10 5.90 acting as a strong

reducing agent.

Triterpenoid compound
29.33 B-Amyrin CsoHs0O 218.20 3.22 aiding in nanoparticle
nucleation and stability.

9,12,15-

Octadecatrienoic acid, Functions as a mild

19.77 methyl ester (Methyl CiH»0. 79.10 2.00 reduc_lng agent and
: capping molecule.
linolenate)

Lipid precursor
facilitating organic

25.47 Squalene CsoHso  69.10 0.75 shell formation around

nanoparticles.
Provides antioxidant
97 10 y-Tocopherol CaHaO» 15115 1.18 stabilization to prevent

oxidation of metal
cores.

(Vitamin E)

2.4.3 Ultra-Performance Liquid Chromatography (UPLC) Analysis
2.4.3.1 Instrumentation and Sample Preparation

The quantitative analysis of extract was performed by Waters Acquity UPLC, H-class
system. Mobile phase: A = 0.1 % formic acid in water, B= 0.1 % formic acid in CAN;
Column — ACE Super C18, 2.1 x 100 mm, 2.5 pm; Flow rate — 0.30 mL/min.; Detection

wavelength — 270 nm; Temperature - Sample manager — 10°C.

2.4.3.2 Analysis of chromatographic Profile

The technique exploits differences in chemical properties such as polarity, hydrogen
bonding capacity, and molecular size to achieve separation, while PDA detection
provides electronic absorption spectra for molecular identification. It uses the UV-Vis
spectrum for the separation of organic components and is considered faster and more
efficient than high-performance liquid chromatography. The chemical basis of UPLC

separation lies in the differential interactions between analyte molecules and both the
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stationary and mobile phases. The partition coefficient K, which governs retention, is

determined by thermodynamic factors (Equation 2.1):

o

K =exp (_ﬁg ) = exp (_ﬁgo + A}fo) Equation 2.1

where AG°, AH®, and AS° are the standard free energy, enthalpy, and entropy changes
for the process.

A total of ten bioactive compounds, comprising four phenolic acid derivatives and six
flavonoid molecules: Vanillic acid (4-hydroxy-3-methoxybenzoic acid), Protocatechuic
acid (3,4-dihydroxybenzoic acid), p-Coumaric acid (4-hydroxycinnamic acid), Ferulic
acid (4-hydroxy-3-methoxycinnamic acid), Luteolin (3',4',5,7-tetrahydroxyflavone),
Caffeic acid (3,4-dihydroxycinnamic acid), Kaempferol (3,4',5,7-tetrahydroxyflavone),
Epigallocatechin ~ (flavanol  catechin  derivative),  Quercetin  (3,3',4',5,7-
pentahydroxyflavone), and Rutin (quercetin-3-O-rutinoside)[107](Figure 2.2).

1.20-

1.00

0.80

p-Coumaric acid

2 0.60

Caffeic acid
picatechin

0.40

020 ||

2.854 Procatechuic acid
--10.359 Rutin

4581 «
~6.359

0.00

0.00 2.00 4,00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes

Figure 2.2: UPLC-PDA spectrogram of bioactive molecules of Moringa oleifera leaves
extract.

Phenolic acids such as vanillic, protocatechuic, p-coumaric, ferulic, and caffeic acids
act as primary reducing agents, owing to their -OH and -OCH3 groups that readily donate
electrons to metal ions. Their carboxyl and aromatic ring structures also chelate metal

surfaces, facilitating nucleation and preventing uncontrolled particle growth. In
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particular, ferulic and p-coumaric acids possess conjugated cinnamic frameworks that
promote m—electron transfer, accelerating reduction kinetics and leading to uniform
nanoparticle formation. Caffeic acid, with its ortho-dihydroxyl configuration, shows
strong redox potential, forming intermediate quinonoid species that contribute to
nanoparticle surface capping and stabilization[108].

Luteolin, kaempferol, quercetin, epigallocatechin, and rutin compounds serve
primarily as capping and stabilizing agents, ensuring the colloidal integrity of
nanoparticles. Their multiple -OH groups and conjugated aromatic rings enable metal
chelation, hydrogen bonding, and n—r stacking, forming a protective organic layer around
the nanoparticle core. Quercetin and epigallocatechin, in particular, provide rapid
electron transfer and strong binding interactions, resulting in smaller, monodisperse
particles with enhanced antioxidant stability. Rutin, a glycosylated form of quercetin,
further improves solubility and dispersion in aqueous media, while luteolin and
kaempferol contribute to structural stabilization through planar ring-metal coordination.
Together, these bioactives establish a synergistic mechanism in which phenolic acids
initiate metal-ion reduction and flavonoids maintain nanoparticle stability and

morphology[109], [110].

2.5 Synthesis Methodologies

All metal-oxide and mixed metal oxide nanoparticles were fabricated using the green
solution combustion method, using the extract as fuel and salt precursors as oxidants.
Several modifications to the conventional solution combustion method have been
reported for instance, solid state decomposition method, in which a homogenous paste of
precursor salts and fuel (citric acid/aminophenol etc.) is used [111]. In our modification
we have used Moringa oleifera plant leaves extract as fuel instead of harmful chemicals

like urea which is a green and eco-friendly method. Since M. oleifera extract is a multi-
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component fuel system without a single defined molecular formula, a classical
stoichiometric fuel-to-oxidizer ratio could not be computed; instead, an operational
extract-to-precursor ratio of 12 mL extract per gram of combined precursor salt was
maintained across all batches to ensure reproducible combustion behaviour. The whole
process can be understood in three thermal phases: (1) room-temperature bio reduction,
(2) solution combustion (~350 °C), and (3) high-temperature calcination (~600 °C). In
the first phase, phytochemical polyphenols, flavonoids, fatty acids serve as reductants
and stabilizers, donating electrons to metal ions and forming metal-phyto complexes.
Because the reaction is gentle, thermolabile antioxidants retain functional groups
(hydroxyls, carbonyls) that support controlled nucleation and limit agglomeration,
producing relatively uniform nanoparticles[47]. All combustion and calcination steps
were carried out in a muffle furnace under static ambient air atmosphere. The pH of each
precursor-extract mixture was recorded prior to combustion and was consistently in mild
acidic range(pH= 5-6).

During the combustion stage (~350 °C), the organic-metal complexes break down
through oxidation, generating heat that promotes in situ crystallization and densification
of the material. As the temperature rises, volatile organic components are released, while
a temporary carbon-rich matrix forms and briefly acts as a self-fueling medium for
particle consolidation. This process ultimately results in the formation of phase-pure
metal oxides with enhanced crystallinity[112]. In the final calcination stage near 600 °C,
residual carbon and organic moieties are eliminated, hydroxyl groups are removed, and
further grain growth and lattice ordering occur. This step enhances structural integrity,
stability, and functional performance, though excessive temperature may induce sintering
or loss of surface defects critical for activity as mentioned by some studies[113].

Discussed below are some of the biogenic nanoparticles that were synthesised.
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2.5.1 Biosynthesis of Cu/Ni/Co Oxide Nanoparticles

Cu/Ni/Co oxide nanoparticles (TmONs) were fabricated using the green solution
combustion method, using the extract as fuel and salt precursors as oxidants. 3 g, 2 g, and
1 g of Cu, Ni, and Co precursor salts were mixed with 60 mL of extract, respectively(0.25
M, 0.13 M, 0.06 M respectively). The ratios of precursor were selected considering the
Irving-William series (Co?*<Ni?*<Cu?*), as these metals mimic the naturally occurring
metalloenzymes and bind in order of affinity according to the series.

The solution was stirred at room temperature for 4 hours. Afterwards, the solution was
transferred to a 100 mL silica crucible and kept in a muffle furnace for combustion at 350
°C. After combustion, black pellet was obtained, which was powdered and washed with
a 1:1 ratio of acetone and ethanol. The powder was further calcined at 600 °C for 1 h.

The scheme is shown in Figure 2.3 below.

Precursor salts
(Cu:Ni:Co=3:2:1)

¢
~—p

e

- M)
— Mixture on stirrer

Moringa oleifera extract inati
g f (room temp.) Calcination Muffle furnace

600 °C; 1 hr
(COMBUSTION)

4

% <

Cu/Ni/Co oxide nanoparticles (7mONs)

Figure 2.3: Schematic representation of Moringa oleifera assisted synthesis of Cu/Ni/Co
oxide nanoparticles using green solution combustion method.

2.5.2 Biosynthesis of CuO/NiO Nanoparticles

The CuO/NiO nanoparticles were synthesized in three different ratio (1:2, 1:1, and 2:1)

by a modified solution combustion method. The sample with 1:2 ratio was named as N12,
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1:1 was named N22, and 2:1was named N21. Firstly, appropriate amounts of precursor
salts (e.g., 0.6g each for 1:1 ratio) were taken and mixed with 50 mL Moringa extract, to
obtain 0.06M of Cu mixture and 0.05 M for Ni mixture. The solution was kept under
moderate stirring on a hot plate for 1 hr at room temperature until the solution became
homogenous. Afterwards it was kept in a muffle furnace that had been preheated to
350°C. The combustion reaction happened within 30 min. The sample was crushed using
mortar and pestle, centrifuged and washed to remove any impurity. The powder was
calcined at 600°C for an hour. A fine greyish-black powder was obtained. The
abovementioned process was repeated with varying concentrations of precursor salt
solutions for the synthesis of other ratio of mixed oxides nanoparticles as shown in the
Figure 2.4. For comparison, single metal oxides (CuO, NiO) nanoparticles were also
prepared by adding 1 g of precursor salt (copper/nickel) in 12 mL extract (0.42 M and

0.34 M respectively) and repeating the process as discussed above.

decoction
(6 hrs., 78°C)
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Figure 2.4: Schematic representation of Moringa oleifera assisted synthesis of CuO/NiO
nanoparticles using green solution combustion method.
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2.6 Experimental Techniques for Nanoparticle Characterization

The characterization of materials relies on a diverse set of analytical methods that provide
complementary information about structural, morphological, chemical, and electronic
properties. In this work, Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet—
Visible Spectroscopy (UV-Vis), Diffuse Reflectance Spectroscopy (DRS), X-ray
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscopy (TEM), Field Emission Scanning Electron Microscopy (FESEM), Energy-
Dispersive X-ray Analysis (EDAX), Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), Brunauer-Emmett-Teller Surface Area Analysis (BET), and
Vibrating Sample Magnetometer (VSM) were employed. Each technique is discussed in

detail below:

2.6.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy represents a powerful analytical technique for
identifying functional groups and chemical bonding within materials through the
measurement of molecular vibrations. The fundamental principle of FTIR is: when
infrared light reaches a molecule, certain frequencies of this light are absorbed owing to
the vibrational modes of chemical bonds in that molecule. This theoretical basis of FTIR
is originally based on quantum mechanical treatment of molecular motions. For a
diatomic molecule, the frequency of vibration can be approximated by the harmonic

oscillator model:

v= = (5) Equation 2.2

2w \u
where v is the vibrational frequency, k is the force constant of the bond, and p is the
reduced mass given by g = mimz/(m: + mz), where m: and m. are the masses of the two

atoms. The selection rule for infrared absorption implies that the vibration must cause a
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change in the dipole moment of the molecule. In FTIR, an interferogram generated by a
Michelson interferometer is subsequently converted to a conventional frequency
spectrum through Fourier transformation.

FTIR spectroscopy was used to obtain valuable information about molecular structure,
hydrogen bonding, crystallinity, and phase identification. The technique is particularly
sensitive to changes in the local environment of functional groups, making it an excellent
tool for studying surface modifications, adsorption phenomena, and chemical reactions.
The Thermoscientific, NICOLET 1s20 FT-IR spectrometer was used to record the FT-IR
spectra of all samples. The spectral range from 4000 to 400 cm™ was used, which
corresponds to the fundamental vibrational modes of most organic and inorganic
compounds. Plant extract data was recorded using attenuated total reflectance (ATR)

mode.

2.6.2 Ultraviolet-Visible Spectroscopy (UV-Vis)

Ultraviolet-Visible spectroscopy is a widely used tool for exploring electronic transitions
in materials and molecules. It is best suited for determining optical properties such as
absorption behaviour and band gap energy. The technique operates on the principal that
electrons in atoms or molecules absorb ultraviolet or visible radiation, leading to
transitions from their ground states to higher excited states. Quantitative analysis of

absorption follows the Beer-Lambert law, expressed as:

A =¢excxl = logqo (IT") Equation 2.3
where A represents the absorbance, € is the molar absorptivity coefficient, | is the path

length (1 cm), c is the concentration, lo is the intensity of incident light, and I is the

transmitted light intensity.
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For materials, the optical absorption edge provide a means to estimate the band gap
energy (Eg). This relationship between the absorption coefficient (o) and the photon
energy (4v) is described by the Tauc relation:

(ahv)™ = A(hv — Eg) Equation 2.4
where n depicts the type of the electronic transition (n = 2 for indirect and n = 1/2 for

direct band gap transitions). The absorption coefficient « can be derived from A through:

a = 2'323‘4 Equation 2.5

where t is the thickness of the sample. By plotting (ahv)!/* versus hv and extrapolating
the linear portion to the energy-axis, the optical band gap was calculated. The

measurement in thus study were performed using a Perkin EImer spectrophotometer.

2.6.3 Diffuse Reflectance Spectroscopy (DRS)

For powdered and opaque materials, where direct light transmission is not feasible, DRS
is employed in place of conventional transmission UV-Vis. The Kubelka-Munk function
is used to transform the measured reflectance (R.) into quantity proportional to

absorption coefficient, expressed as:

F(Row) = (-Re)® _ (E> Equation 2.6

2Ro0 S
Here, R represents diffuse reflectance of the powdered sample, K is absorption
coefficient, and S denotes scattering coefficient. Further, the Tauc relation is applied to
Kubelka-Munk data to find band gap by linking light absorption behaviour with its
electronic energy structure as:
[F(Ro) X hv]* = A(hv — Eg) Equation 2.7
Here, hv is photon energy, A is constant, Eg is band gap energy, and n corresponds to

transition type. Band gap values help in tailoring materials for specific applications. The
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initial optical characterization of all the powdered samples was performed using Perkin

Elmer spectrophotometer equipped for diffuse reflectance measurements.

2.6.4 X-Ray Diffraction (XRD)

X-ray Diffraction is a non-destructive analytical technique used to obtain detailed
information about a material’s crystalline structure, phase composition, crystallite size,
and lattice parameters. The technique is based on the constructive interference of X-rays
that are scattered by the array of atoms within a crystal. When X-rays interact with
crystalline nanoparticles, diffraction occurs according to Bragg's law,
nA = 2d sinf Equation 2.8

where n is the diffraction order, 1 is the X-rays wavelength, d is the interplanar spacing
between crystal planes, and @ is the Bragg angle. Each diffraction peak appears at a
specific angle corresponding to a unique d-spacing, which serves as characteristic
fingerprint for identifying metal oxide phases. For nanoparticles, the small size of
crystallites leads to peak broadening, which can be analyzed to estimate the average

crystallite size (D) using the Scherrer equation:

K&
- Bcos6

Equation 2.9

Where K is shape factor (typically 0.89 for spherical particles), 4 is X-ray wavelength, g
is the full width at half maximum (FWHM) of the diffraction peak (in radians), and 0 is
the Bragg angle. The positions of peaks reveal lattice parameters and can indicate
structural variations due to doping, defects, or phase transformations, while peak
intensities provide information about crystalline orientation and quality. All
measurements were performed using a Panalytical diffractometer equipped with Cu Ka
radiation (A=1.5406 A). XRD patterns of nanoparticles were observed over a 20 range of

20°--90° with a scan rate of 0.0038 °/sec.
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2.6.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive analytical technique that provide chemical information by
measuring the Kinetic energy of photoemitted electrons by using Einstein’s photoelectric
equation:

Ex = hv — E, — ¢ Equation 2.10
where Ey is binding energy, Av is photon energy, Ex is kinetic energy, and ¢ is the work
function. Shifts in binding energy values indicate differences in oxidation states and
bonding environments. Generally, higher oxidation states correspond to higher binding
energies because of reduced electron shielding. XPS provides quantitative elemental
analysis with detection limits typically between 0.1--1 atomic percent, making it a
powerful tool for surface study. Due to the limited escape depth of photoelectrons, it is
surface-sensitive (~1--10 nm depth), making it suitable for analyzing surface chemistry
and oxidation states of metal oxide nanoparticles. In this study, Thermoscientific, K-
ALPHA" Surface Analysis system with an x-ray source Al Ka (Monochromatic) with a

6 mA beam current at 12 k\V was used.

2.6.6 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is one of the most advance techniques for high-
resolution structural analysis of materials at the atomic scale. It operates by transmitting
a focused beam of electrons through an ultra-thin specimen to produce highly magnified
images, achieving resolutions that can extend to sub-angstrom levels. The theoretical
foundation of TEM is based on the wave nature of electrons, described by the de Broglie

relationship:

A= %z Equation 2.11
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where A is the electron wavelength, h is Planck's constant, p is the electron momentum,
mo is the electron rest mass, e is the electron charge, and V is the accelerating voltage
applied to the electron beam.

High-resolution TEM (HRTEM) enables direct visualization of atomic level
arrangements, crystal lattices and defects. Selected Area Electron Diffraction (SAED)
complements HRTEM gives local crystallographic information at the nanoscale. It uses
a selected area aperture to isolate electrons from a specific region (typically 0.1--5 um)
of nanoparticles, which are then focused by TEM lenses to generate a diffraction pattern
on the detector. For metal oxide nanoparticles, the resulting patterns generally appears as
concentric rings, characterising their polycrystalline nature. Each ring corresponds to
distinct crystallographic planes, allowing determination of crystal structure, lattice
spacing, and phase purity. Analysis of ring spacing and intensity helps identify specific
oxide phases (such as anatase vs. rutile TiO2), estimate crystallite sizes from ring
broadening, and assess structural defects or amorphous content within the nanoparticles.
For HR-TEM analysis, the samples were drop-casted on C-grid and dried. The TEM

images were collected using JOEL JEM 2100 HR-TEM operating at a voltage of 200 kV.

2.6.7 Field Emission Scanning Electron Microscopy (FESEM) and Energy-
Dispersive X-ray Analysis (EDAX)

FESEM operates based on the interaction between a focused electron beam and the
specimen surface. It employs a field emission electron gun, which produces a highly
focused, high-energy beam by emitting electrons from a sharp tungsten or cold cathode
tip. When this primary beam strikes the surface of the sample, it generates various signals
due to secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays
through elastic and inelastic scattering processes. The secondary electrons, which possess

relatively low energy (typically <50 eV), originate from the top few nanometres of the
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sample surface. These are collected by detectors, converted into electrical signals, and
subsequently amplified to produce grayscale images on a monitor.

FESEM is particularly advantageous for analyzing metal oxide nanoparticles because
of its exceptional spatial resolution (1--3 nm) and magnification capabilities reaching up
to 1,000,000x%. It allows precise characterization of particle morphology, including size
distribution, shape (spherical, rod-like, cubic, or irregular), surface texture and porosity,
and agglomeration. When coupled with energy-dispersive X-ray spectroscopy (EDAX),
FESEM further enables elemental composition and distribution mapping of the
nanoparticles. It works by detecting characteristic X-rays emitted from atoms that have
been excited by the incident beam. Each element gives unique X-ray peaks that allow
identification and elemental mapping, making it an essential tool nanomaterials. For FE-
SEM analysis, dried powder samples were mounted on carbon tape and the images were
recorded using JEOL, JSM-7900F FE-SEM at an accelerating voltage of 5--10 kV. For
EDAX spectra and elemental mappings were acquired and analyzed using SMILE

VIEW™ Lab software.

2.6.8 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

ICP-OES technique is based on the principle of atomic emission spectroscopy. In this
method, the sample is introduced into an inductively coupled plasma ionized gas (6000-
-10000K), where its constituent elements are atomized, ionized, and excited. When these
excited atoms and ions return to their ground states, they emit characteristic radiation at
specific wavelengths unique to each element. The emitted light is dispersed by a
spectrometer and detected using photomultiplier tubes or charge-coupled devices
allowing elemental analysis. ICP-OES provides highly precise and accurate

measurements of elemental composition for determining metal contents, stoichiometric
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ratios in complex oxides nanoparticles, and detecting impurities or dopants at trace levels,
typically parts per million to parts per billion.

The technique was used in this study to determine the element concentrations in soil
and plant leaves, which requires complete digestion of samples using acids. Calibration
curves were prepared using standards of known concentrations to establish the value of
calibration constant k, which allows determination of unknown sample concentrations
based on their measured emission intensities. Deviations from linearity may occur at
higher concentrations due to instrumental limitations and mostly chemical interferences.
ICP-OES is known for its excellent precision, broad elemental coverage, and multiple
element detection capability, making it an essential tool for comprehensive
characterization of materials. Thermo Fisher Scientific, iCAP pro X Duo ICP-OES
system at plasma flow of 15 Lmin, a pump rate of 15 rpm, and a rinse time of 30 s was
used for analysis. Data acquisition and processing were performed using QTEGRA
software. The wavelengths for Cu, Ni, and Co were chosen as 324.754, 231.604, and

238.892 nm, respectively for quantitative analysis.

2.6.9 BET (Brunauer-Emmett-Teller) Surface Area Analysis

BET analysis is based on the principle of multilayer gas adsorption, most commonly
performed using nitrogen gas at 77K (liquid nitrogen). As the relative pressure increases,
gas molecules successively adsorb onto the material surface, forming multiple layers. The
BET theory extends the Langmuir monolayer adsorption model by assuming that the first
adsorbed layer follows Langmuir Kinetics, while subsequent layers behaving similar to
bulk liquid adsorption.

For metal oxide nanoparticles, BET analysis provides key surface characteristics such
as specific surface area (m?#(g), pore size distribution, pore volume, and surface

morphology. The specific surface area can be calculated as:
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VXN g Xo
Vi

Equation 2.12

Sper =
where Na is Avogadro's number, ¢ is the cross-sectional area of the adsorbate

molecule (for instance, 16.2 U for N2), and Vm is the molar volume of gas at STP. BET

Equation and Langmuir equations are given as:

1 1 c-1 P .
v(5—1) = e + = X = Equation 2.13

where V is the volume of gas adsorbed at pressure P, Po is the saturation pressure, Vi, is

the monolayer capacity, and C is the BET constant.

_ VipbP
" 1+bP

Equation 2.14

where b is the Langmuir constant related to adsorption energy.

The technique generates nitrogen adsorption-desorption isotherms that are classified
into six IUPAC types: Type | isotherms indicate microporous materials (pore width <2
nm), Type Il represents non-porous or macroporous materials with unrestricted
multilayer adsorption, Type Il shows weak adsorbent-adsorbate interactions, Type IV
exhibits mesoporous materials (2--50 nm pores) with hysteresis loops due to capillary
condensation, Type V indicates weak interactions in mesoporous materials, and Type VI
represents stepwise multilayer adsorption on uniform surfaces. Metal oxide nanoparticles
commonly exhibit Type Il or Type IV isotherms, where the hysteresis loop provides
valuable information about pore shape and connectivity, making BET analysis essential
for optimizing catalytic, adsorption, and photocatalytic applications of metal oxide
nanomaterials. N> adsorption—desorption isotherm data was measured employing
BELSORP MAX sorption analyser at LN> temperature (77 K). Prior to measurements,
the samples were degassed under reduced pressure at 150°C for 12 hours. Thereafter, the

samples were examined using the single/multipoint adsorption method for surface area
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assessment. The specific surface area and pore volume were calculated by BET method

and adsorption amount of N2 gas at a relative pressure of 0.99 bar.

2.6.10 Vibrating Sample Magnetometer (VSM)

VSM operates based on the principle of electromagnetic induction, where a sample is
mechanically vibrated at a constant frequency (mostly 50--100 Hz) within a uniform
magnetic field. The vibration causes periodic changes in the magnetic flux ® through
nearby detection coils according to Faraday's law of electromagnetic induction. The
induced voltage is directly proportional to the magnetic moment of the sample and the

amplitude of vibration, as expressed by following relationship:

-do
dt

V= Equation 2.15

where V is the induced voltage, ® is the magnetic flux, and t is time.

The setup comprises a vibrating sample holder attached to a transducer (a loudspeaker
coil) that provide controlled mechanical oscillation. The system includes an
electromagnet or superconducting magnet to generate the applied magnetic field (ranging
from a few gauss to several Tesla), sensitive pickup coils symmetrically placed around
the sample to detect flux variations, and a lock-in amplifier for processing signal to noise
ratio. Advance temperature control units for measurements at various temperatures
(typically 2K to 1000K) is also included in some.

For metal oxide nanoparticles, VSM enables detailed magnetic characterization,
including determination of saturation magnetization (Ms), coercivity (Hc), remanent
magnetization (Mr), magnetic susceptibility (y), and hysteresis loop behaviour. These
measurements help differentiate between various magnetic behaviours such as
ferromagnetism, antiferromagnetism, paramagnetism, and superparamagnetism. VSM
measurements provides valuable insights into particle size effects on magnetic

performance, magnetic anisotropy, and blocking temperatures in superparamagnetic
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nanoparticles, making it indispensable for tailoring magnetic nanoparticles for various
applications. In this study, the measurements were conducted using a Quantum Design
Inc. Model: 3 Tesla Cryogen free vibrating sample magnetometer. The M-H hysteresis
data were recorded at room temperature (300 K) under an applied field upto 10 kOe (DC).
Zero-field cooling (ZFC) and Field cooling (FC) measurements were performed over a

temperature range of 5K to 375K.

2.7 Statistical Analysis

Data were expressed as mean * standard deviation (SD) and analyzed using one-way
analysis of variance (ANOVA), followed by Duncan’s multiple range test for post-hoc
comparison. Statistical analysis was performed using IBM SPSS Statistics version 26,
with significance levels set at P < 0.05, P < 0.01, and P < 0.001. Apart from this, we
calculated effect sizes (?) for ANOVA to quantify the magnitude of treatment effects
and included 95% confidence intervals for key findings to enhance interpretability. All
related experiments were done in triplicate. Data visualization plotting was performed

using OriginLab 2024b and Microsoft® Excel version 16.89.1 (24091630).

2.8 Experimental Design and Methodology

2.8.1 Production of Nano-Organic Vermicompost
2.8.1.1 Feedstock Formulation and Composting Setup

The development of blended vermicompost formulations utilizing rice straw and
pressmud (RS+PM) as growth treatments for plant cultivation was accomplished through
the preparation of mature vermicompost products following modified protocols based on
established methodologies referenced in Text Al[114]. Four distinct experimental
treatments were mixed and prepared according to specific mixing proportions
incorporating cow dung as the base material, finely chopped rice straw residues, and

pressmud waste:
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Feedstock (TO) — CD (dry weight)
Feedstock (T1)-CD +RSin1:1
Feedstock (T2) - CD + PMin 1:1
Feedstock (T3)-CD + RS+PMin1:1:1

1 kg of derived vermicompost was mixed with 100 ppm of biogenic Cu/Ni/Co oxide
nanoparticles. Furthermore, it was used with soil (1:4) to evaluate the growth parameters
of plants. These mixtures were: negative control as TO (without NPs), positive control as

nTO (TO + NPs), nT1 (T1 + NPs), nT2 (T2 + NPs), and nT3 (T3 + NPs).

2.8.2 Evaluation of Plant Growth Parameters in Abelmoschus esculentus
2.8.2.1 Seed Germination Assay

The germination study was performed on 30 seeds sown in above-prepared soil mixes.
They were allowed to germinate in open sunlight at ambient temperatures. The seedlings
were monitored at 10 a.m. for 21 days in continuation. The completion of germination

was indicated by radicle elongation to a minimum length of 2 mm.

2.8.2.2 Growth Indices and Calculations

The data of shoot length, root length, and number of seed germinated were also collected
to calculate cumulative germination percentage (CGR), co-efficient velocity of
germination (CVG), germination percentage (G%), mean germination time (MGT), and
seedling vigour index (SVI) using the formulae given [115], [116]:

n Ni .
CGR (%) = Z (&) x 100 Equation 2.16

i=1

CVG (%) = G1+G2+G3+Gn x 100 Equation 2.17

(1xG1)+(2xG2)+n X Gn)

Total seed germinated at end of test

G (%) = x 100 Equation 2.18

Total number of initial seed

MGT (%) = 2252 % 100 Equation 2.19
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SVI = Average of seedling length (cm) X G(%) Equation 2.20

where Ni denotes the number of seeds germinated on day i; Ts, total number of seeds
in each treatment; i, alternate day after start; G, germination on each day after start; n,
number of seeds germinated on each day; d, number of days from the start of the test; N,

total number of seeds germinated at the experiment’s completion.

2.8.3 Earthworm (Eisenia fetida) Survival Assay for Toxicity Assessment

Prior to the application of synthesized nanoparticles, the toxicity assessment was also
conducted to ascertain the survival of earthworms. A concentration of 50, 100, 200, 300,
and 500 ppm of derived Cu/Ni/Co oxide nanoparticles was used with 1 kg of cow dung
to perform the toxicity assay. A three-week study was performed on earthworms (10
earthworms in each treatment) to assess the impacts of nanoparticles on E. fetida by
monitoring survival to visually evaluate the toxicity and risk. Data was collected every

third day for calculation and the experiment was performed in triplicate.

2.8.4 Sample Digestion and Preparation for ICP-OES analysis (metal toxicity)

Acid digestion, also known as wet digestion, reduces interference by breaking down the
sample matrix, making it efficient for organic compounds[117]. For soil samples, a triple
acid digestion process was performed in which 0.1 g of sample was mixed with a reagent
HF: HNO3:HCI:H20 (3:3:1:3), and the solution was heated till dryness. Using HF
removes reactive silicon, which tends to precipitate into undissolved acids, and hence
makes the solution stable. Moreover, using HNOs with HF removes insoluble
fluorides[118]. Thereafter, 3 mL of aqua-regia was further added until a clear solution
was obtained. The remains were made up to 25 mL using Milli-Q water with 1% HNO:s.

For okra leaves, the open vessel hot method was used, in which 0.5 g of leaves powder

was added to 10 mL of HNOs, and the mixture was heated for 3 h, then cooled, and further
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H2O> was added till a clear solution was obtained. After digestion, the samples were
filtered and made up to 30 mL for the leaves sample. Pre-cleaned PTFE tubes were used
to put the digested samples in until the quantification was done using ICP-OES. No
internal standard was used for analysis, and each sample was read in triplicate. A blank
solution containing 2% HNO3 was also run before the standard solution. A calibration

test was also performed by taking 1, 5, 50, and 100 ppm standards as quality control.

2.8.5 Computational Screening for Drug-Likeness

The drug-likeness of the identified phytoconstituents was evaluated using Lipinski’s rule
of five [119]. The molecular structures of phenolic acids and flavonoids were first
converted into canonical SMILES (Simplified Molecular Input Line Entry System)
format. These SMILES codes were then submitted to the SwisSADME online tool to
predict pharmacokinetic properties, including hydrogen bond donors and acceptors, total

polar surface area (TPSA), and the number of rotatable bonds.

2.8.6 Antimicrobial Assay

To evaluate the broad-spectrum antibacterial and antifungal properties of M. oleifera-
based NPs, a range of gram-positive and gram-negative bacterial strains, along with
common fungal pathogens, were selected. The bacterial strains included Staphylococcus
aureus (Microbial Type Culture Collection, MTCC-96), a gram-positive organism, and
gram-negative bacteria such as Escherichia coli (MTCC-40), Shigella flexneri (MTCC-
1457), and Salmonella enterica (MTCC-3858). Fungal test pathogens included Fusarium
oxysporum (MTCC-1755), Aspergillus niger (MTCC-252), and Aspergillus flavus
(MTCC-798). The antimicrobial efficacy of ethanolic leaf extract of M. oleifera and green
synthesized NiO/CuO nanoparticles (1:2 and 2:1) was assessed using the agar well

diffusion method. Mueller Hinton Agar (MHA) plates were prepared and seeded with
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100 pl of bacterial broth culture. For fungal pathogens, inoculum were adjusted to match
the turbidity of a 0.5 McFarland standard. Wells were punched into the agar using a sterile
cork borer and filled with 100 pl of the test extract. DMSO served as a negative control.
Plates were pre-incubated at room temperature for 30 minutes to allow diffusion and then
incubated at 35+1°C for 48 hours. Zones of inhibition were measured in millimeters to

evaluate antimicrobial activity [120], [121].

2.8.7 Molecular Docking Analysis of NPs Against E. coli and F. oxysporum

Molecular docking analysis of the biogenic NiO and CuO nanoparticles was conducted
against Escherichia coli and Fusarium oxysporum to investigate their binding
interactions with key microbial target proteins. A molecular docking study against E. coli
and F. oxysporum was conducted using the PyRx software[122] because both the
nanoparticles at all the concentrations demonstrated maximum inhibitions against both
the organisms as discussed in Chapter 5. The structure for CuO was retrieved from the
Material Project database (https://next-gen.materialsproject.org/) and converted to PDB
format using Avogadro software, whereas the NiO structure was constructed again using
Avogadro software. The interaction was visualized by BIOVIA Discovery Studio

software[123].

2.8.8 Spectrophotometric Quantification of Antimicrobial Activity

The antimicrobial potential of the plant extract and the synthesized nanoparticles (NPs)
was evaluated by monitoring the reduction in optical density using a spectrophotometer.
Prior to testing, all microbial strains were activated by culturing them overnight in Luria
Broth nutrient medium at 37 °C. The antimicrobial activity was assessed at two
nanoparticle concentrations: 100 mg/ml and 250 mg/ml. For the assay, 5 ml of nutrient
broth was inoculated with 100 pl of the respective microbial suspension and treated with

the test formulations. A control group without any treatment was maintained under the
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same conditions. Changes in turbidity, indicative of microbial growth inhibition, were
recorded at two-hour intervals using a spectrophotometer set at 540 nm. A comparison
between treated samples and the untreated control allowed the determination of

antimicrobial efficacy based on differences in optical density [124].

2.9 Concluding Remarks

This chapter established an integrated methodological framework combining biogenic
synthesis, phytochemical profiling, physicochemical characterization, and biological
evaluation to develop sustainable metal oxide nanoparticles. The use of Moringa oleifera
leaves extract as a green reducing and stabilizing agent proved efficient and eco-friendly,
with GC-MS and UPLC analyses confirming the role of its phytoconstituents. The
inclusion of toxicological, in silico, and antimicrobial studies confirmed the biosafety and
multifunctional potential of the synthesized materials, demonstrating a strong foundation

for their practical and agricultural applications.

“The nanoparticles synthesized in this chapter form the basis for the experimental
investigations presented in the following sections. Building on this foundation, the next
chapter examines the agricultural potential of biogenically synthesized trimetallic
nanoparticles (Cu/Ni/Co oxide NPs) when integrated with agro-waste derived organic

compost amendments, with a focus on soil health and crop performance.”
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CHAPTER 3

Synergistic effects of biogenic Cu/Ni/Co
oxide nanoparticles on the agronomic
performance of Abelmoschus esculentus
L.) in conjunction with organic compost
amendments’

~~

3.1. Introduction

The field of nanotechnology has captured significant research interest across multiple
disciplines, particularly in agricultural applications. Metal oxide nanoparticles represent
a promising frontier in promoting environmentally sustainable farming practices [125],
[126]. Research efforts are increasingly focused on developing soil enhancement
materials using metallic oxide nanoparticles to modify soil characteristics and boost
agricultural productivity. The primary goals of soil modification materials encompass
three critical areas: (1) to provide nutrients; (2) to prevent insect- and microbe-induced
disease; and (3) to increase nutrient availability in the soil[127]. The unique
characteristics of nanoparticles including their nano dimensions, high surface-to-volume
ratios, regulated release properties, and adsorption capabilities make them as ideal
candidates for next-generation fertilizer development[128]. Traditional chemical
synthesis methods for producing mixed metal oxide nanoparticles often involve
hazardous chemicals, creating limitations for biological compatibility and commercial-

scale production. Therefore, developing cost-effective, environmentally friendly, and

La manuscript based on this chapter has been published in Pedosphere.
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scalable synthesis approaches has become essential. Plant-based biosynthesis offers an
appealing alternative, with Moringa oleifera being particularly valuable due to its rich
phytochemical composition that facilitates nanoparticle formation[129], [130].

Simultaneously, the rapidly expanding global population has necessitated increased
agricultural production, resulting in heavy reliance on synthetic chemicals and inorganic
fertilizers. Unfortunately, a significant portion of these inputs is lost through soil
leaching, contributing to environmental contamination of water sources [131].
Furthermore, farming methods adopted during the green revolution have generated
substantial agricultural waste that is often improperly disposed of through burning or
dumping, creating air and soil pollution [132]. Two particularly problematic agricultural
byproducts viz. rice straw and pressmud (sugar industry waste) cannot be directly used
as fertilizers and contribute to environmental degradation. Pressmud's waxy composition
and high sulfur levels can compromise soil structure, aeration, and permeability over
time. Meanwhile, incomplete combustion of rice straw releases toxic gases including
carbon monoxide and carcinogenic compounds, while also depleting soil NPK content
[133].

Converting these agricultural wastes into valuable organic fertilizer through
vermicomposting represents a sustainable solution. This process offers economic benefits
while improving organic matter decomposition and producing beneficial bioconversion
products [134]. Incorporating nanotechnology into vermicomposting can significantly
enhance the resulting fertilizer's quality, pest control capabilities, and disease resistance
properties. Nanoparticles can increase vermicompost's nutrient retention capacity while
providing antimicrobial benefits that help control plant diseases and reduce dependence
on chemical pesticides [135], [136]. Essential micronutrients such as copper, cobalt, and

nickel are crucial for plant health, and their deficiency can cause structural abnormalities,
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reduced photosynthetic efficiency, increased susceptibility to fungal diseases, and
diminished crop yields [137], [138]. Individual copper, nickel, and cobalt oxide
nanoparticles have demonstrated promising applications in environmental cleanup,
energy systems, and medical applications [139], [140]. However, their collective
potential in agricultural applications, particularly for soil improvement, remains largely
unexplored. Research has shown that copper nanoparticles can influence grain
development, carbohydrate content, and mineral accumulation in crops [141]. CuO
nanoparticles have been found to enhance iron uptake in rice plants, suggesting their
potential as nano-fertilizers. NiO-NPs significantly boost antioxidant enzyme activity in
Nigella arvensis [142]. Coz0s-NPs positively affect photosynthetic parameters of the
Arabidopsis plant [143]. Apart from that, the antibacterial effect of bivalent metal
chelates containing cobalt and nickel against harmful soil bacteria such as Staphylococcus
aureus and S. faecalis have been described, suggesting potential for developing novel
antibacterial treatments for vermicompost applications [144]. Copper serves as a vital
micronutrient in photosynthetic processes, cell wall formation, and cellular respiration,
supporting key enzymes including cytochrome c oxidase and superoxide dismutase.
Nickel is essential for urease enzyme function, while cobalt acts as a crucial trace element
in enzyme systems, particularly as a component of vitamin B12. It also works
synergistically with manganese in soil to promote plant development [145]. Thus,
combining these three metals as trimetallic oxide nanoparticles could create new
opportunities for sustainable crop management by simultaneously providing plant
nutrition and protection.

This chapter emphasizes improving nutrient recovery, soil rehabilitation, and plant
growth performance analysis. While copper and nickel benefits are well-documented,

cobalt research remains limited, and this metal is frequently overlooked by agricultural

61



practitioners due to insufficient information availability [146]. Despite being considered
a non-essential trace element, recent studies highlight cobalt's important role in various
plant physiological processes[147]. Even its specific accumulation and transport
mechanisms within plant systems remain poorly understood[148]. The economic
viability of these metals, being more affordable than precious metal nanoparticle
precursors like gold or silver, makes them practical choices for large-scale green
nanomaterial production and commercialization.

Hence, the objective was to shed light on the importance of these metal ions as
Cu/Ni/Co oxide nanoparticles (TmONS) in soil reclamation, plant micronutrients, and
their effects on plant growth. Okra represents an economically significant vegetable crop,
with India leading global production. This crop provides numerous health-beneficial
nutrients including iron, amino acids, essential fatty acids, vitamins, and minerals [149].
Previous research has explored various nanoparticles including SiO2, Al,O3, TiO, and
Se nanoparticles for enhancing okra's nutritional compounds and stress tolerance [150].
These studies have demonstrated that okra readily responds to nano-enabled fertilizers
through changes in germination, chlorophyll synthesis, micronutrient accumulation,
antioxidant metabolism, and biomass production, making it an excellent model for
investigating nanoparticle—plant—soil interactions. Abelmoschus esculentus was selected
as the experimental crop because of its rapid germination, fast growth rate, well
developed root system, and high responsiveness to nutrient amendments. Furthermore,
its relatively short growth cycle facilitates the early assessment of both beneficial and
potential phytotoxic effects of nanoparticles, enabling rapid evaluation of our
hypothesis[151], [152].

To the best of the authors' knowledge, no research has examined the impact of

trimetallic oxide nanoparticles combined with agricultural waste-based biofertilizer on
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soil restoration and plant growth of okra (A. esculentus). This research employs a variety
of sophisticated analytical techniques, including field emission scanning electron
microscopy with energy dispersive X-ray (FESEM-EDX), powder X-ray diffraction
(XRD), ultra-performance liquid chromatography (UPLC-PDA), high-resolution
transmission electron microscopy (HR-TEM), fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and inductively coupled plasma optical
emission spectroscopy (ICP-OES) to characterize trimetallic nanoparticles and evaluate

vermicompost and nano-enhanced vermicompost quality and maturity.

3.2 Results
3.2.1 FTIR Analysis

FTIR spectroscopy provides information on chemical structure by detecting the type of
infrared vibrations present in the sample. The FTIR spectra of TmONs are shown in
Figure 3.1A, representing various stretching and bending vibrations (Table Al) that

occurred due to different types of functional groups in bioactives of M. oleifera extract.
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Figure 3.1: (A) FTIR spectrum and (B) XRD patterns of biogenic Cu/Ni/Co oxide
nanoparticles synthesized using M. oleifera leaves extract.

3.2.2 XRD Analysis
Particle size and defects are revealed by XRD patterns, while the atomic distribution

within the unit cell is shown by relative peak intensities. Figure 3.1B (Table Al) depicts

63



the XRD patterns of the synthesized TmONSs. The diffraction peaks are indexed to (110),
(002), (111), (-020), (020), (202), (113), (022), and (311) planes of the monoclinic phase
of CuO (Ref. 00-041-0254), respectively, moving from lower to higher angles [153].
Moreover, the well-defined diffraction peaks are ascribed to (111), (200), (220), (311),
and (222) planes of rhombohedral NiO (Ref. 00-044-1159). Similar XRD patterns for the
planes of cubic CoO (Ref. 00-002-1217) can be assumed as the mixing of both oxides.
The peak density and intensity for the corresponding metal oxide further validate the ratio
of precursors taken (3Cu?*:2Ni?*:1Co?"), where major peaks corresponding to CuO are
present.

The average crystallite size was estimated using the Debye-Scherrer equation (details
covered in Chapter 2) and found to be 35 nm. Peak fitting and background correction

were performed prior to crystallite size estimation.

3.2.3 XPS Analysis

The chemical states of TmONSs and their specific orbitals were also confirmed by XPS
measurements. Figure 3.2A shows the survey scan, which clearly indicates the existence
of Cu, Ni, Co, C, N, and O, with some auger peaks corresponding to metal oxides. The
core-level spectra were fitted with a Gaussian function to separate the overlapping
contribution that may appear due to the presence of the element in different environments.
The background that results from inelastic scattering of electrons was subtracted by
employing a Shirley background correction. The characteristic peaks for binding energies
of N 1s, O 1s, and C 1s are present at 399, 531.9, and 284 eV, respectively. Four peaks
in the Cu 2p region were seen in the high-resolution XPS spectra of TmONs shown in
Figure 3.2B [154]. Cu?* ion satellite peaks are located at 942.1 and 962.0 eV, which is a
feature of partially filled d-block (3d°) Cu?*. It ruled out the occurrence of Cu* (Cuz0)

and proved the presence of Cu?* ions (CuO) [155]. In the Ni 2p spectra (Figure 3.2C), the
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major peaks located at 861.26 eV, 855.9 eV, and 854.36 eV are distinctive NiO peaks
[156]. Similarly, the high-resolution XPS spectra of Co 2p may also be fitted into four
Gaussian peaks as shown in Figure 3.2D [157]. Based on the area under the peaks, the
atomic percents of the elements in nanoparticles are 2.83%, 2.17%, and 1% for Cu, Ni,

and Co, respectively, which is nearly consistent with the ratio initially taken for synthesis.
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Figure 3.2: (A) survey scan confirming the presence of Cu, Ni, Co, O, and (B--D) high-
resolution fitted plots for Cu 2p, Ni 2p and Co 2p of biogenic Cu/Ni/Co oxide
nanoparticles synthesized using M. oleifera leaves extract.

3.2.4 EDAX and TEM Analysis

The EDAX analysis is a quantitative element detection technique, which confirmed the

TmONSs contain Cu, Ni, Co, C, N, and O elements, as shown in Figure A1. Moreover, the
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morphology, shape, size, and crystalline phase of the nanoparticles were analyzed by
TEM at an acceleration voltage of 200 kV. The nanoparticles were submerged in ethanol
at room temperature for 10 minutes before being ultrasonically dispersed. Further, the
samples were placed on copper grids coated with amorphous carbon sheets. Figure 3.3
depicts the various morphologies of each metal oxide, such as hexagonal, spherical, and
nearly spherical. The substance was found to include nanoparticles ranging in size from
14 to 54 nm, with a mean size of 29 nm. Furthermore, the d-spacing, which denotes the
minimum distance between two successive planes in a lattice, was found to be 0.266 nm
corresponds to CuO(111) plane and 0.206 nm matches NiO (200) plane, which is quite
consistent with the d-spacing obtained through XRD, calculated using the FFT (Fast
Fourier Transformation) and inverse FFT image filtering processes. This process resulted
in lattice fringes, and the distance between two parallel lines was calculated manually as
d spacing. Furthermore, the SAED pattern shows diffraction rings with particle spots,

indicating the polycrystalline nature of the TmONSs.

Figure 3.3: TEM image along with SAED pattern of biogenic Cu/Ni/Co oxide
nanoparticles synthesized using M. oleifera leaves extract.
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3.2.5 Physicochemical Properties, Nutrient Composition, And Surface Analysis of
Vermicompost

Table 3.1 represents a typical nutritional status in terms of C/N, % total organic carbon
(TOC), electrical conductivity (EC), and pH, whereas Table A2 illustrates the nutritional
status of raw materials used as feedstock. C/N is a measure of decomposition and
microbial activity during vermicomposting. The higher C content denote better
decomposition during vermicomposting. On the other hand, EC is widely used to measure
manure salinity, which arises due to the presence of dissolved salts. TOC is another
important indicator of soil health to measure the long-term impact of fertilizers. All
treatments maintained EC levels below 8 dS m™, a threshold considered safe for plant
growth, with a slightly higher value in the case of the T2 feedstock group (9.83+ 0.3 dS
m™") in comparison to others. The pH of the developed vermicompost was observed to
be within an optimum range of 7.1--8.1. The pH in the treated groups varied between 7.1
and 7.6 and stabilized at a value close to neutral on day 90.

Table 3.1 Physicochemical parameters of vermicompost derived from different
feedstocks

Parameters pH EC (dsm™) TOC (%) CIN

§ . TO 8.10+£0.0 6.66 £ 0.5 34.35+0.2 22+0.1
g é T1 7.36 £0.3 6.81+£0.3 24.80+0.2 14+£0.9
gc_% T2 7.65+0.1 9.83£0.3 2785+ 1.4 18+£0.8
E_) ,g T3 7.11+£0.2 755+0.1 2410+ 1.4 11+£20

TO (Control), T1 (CD + RS), T2, (CD + PM), T3 (CD + RS + PM).

NPK are three primary essential macronutrients essential for plant growth. The
percentages of NPK for vermicompost treatments, in comparison to raw materials is
shown in Figure 3.4. There was a statistically significant (P << 0.05) rise in the percentage
of NPK macronutrients in the treatments. The N% of the vermicompost from the T3 fed

group (1.82 = 0.1) was higher compared to the T2 (1.50 + 0.1), T1 (1.67 £ 0.1), and TO
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(1.39 £ 0.1) fed feedstock groups, respectively, by 21%, 16%, and 31%. Moreover, an
overall increase of 62% was observed as compared to the raw materials. Similarly, all
treated groups had a higher P% than the control (TO) feedstock group that changed

significantly (P << 0.05) after the complete process of vermicomposting. Among all, the

P% of the T3 group was comparatively higher by 14%, 41%, and 60% than that of the
T2, T1, and TO groups, respectively. Furthermore, the K% in the blended (RS+PM)
feedstock groups was discovered to be higher than the control feedstock group and the
original raw materials used for vermicomposting. The mature vermicompost feedstock
T2 had the highest K%, followed by treatments T3 and TO. Quantitatively, it was 35%,
20%, and 4% higher than TO, T1, and T3 fed feedstock groups, respectively. This
ambiguity could be due to the variation in the cation exchange capacity and relatively
higher pressmud content.
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Figure 3.4: Comparative analysis of nitrogen (N), phosphorus (P), and potassium (K)
content (%) in raw materials and vermicompost-treated samples (T0--T3). Data shows
enhanced nutrient levels in vermicompost treatments, with significant differences (P <
0.05) indicated by different letters. Bars represent the mean values * standard error (SE).

The surface structure and elemental makeup of all produced vermicompost from

various feedstock combinations were determined using the FESEM-EDX technology.
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Vermicompost was found to be more disaggregated than controls, but no significant
changes were seen after TmONSs treatment (Figures A2 and A3). Furthermore, when
vermicompost samples from different feedstocks were compared, (T3) had the highest

proportion of rough matrix surface, followed by (T2), (T1), and (TO).

3.2.6 Toxicological Evaluation of Biogenic CuO/NiO/CoO Nanoparticles on
Earthworms

Earthworms are always employed as model organisms for toxicological risk assessments
since they are also considered to be monitors and natural indicators of soil health[158].
Figure 3.5 presents both cumulative mortality over time and final percentage mortality of
earthworm exposed to different concentrations (50--500 ppm) of biogenic CuO/NiO/CoO
NPs, alongside a control group. The maximum concentration (500 ppm) treated group

showed significantly higher (P << 0.005) and early mortality as compared to other treated

groups and reaching 100% by day 15. Similarly, 300 and 200 ppm concentration also
exhibited progressive mortality, attaining 80% and 60% respectively by day 21. On the
other hand, lower concentrations (100 and 50 ppm) and control result in minimal
mortality (~10--35%), showing reduced or negligible toxic effects throughout the
experimental period.

Similarly, Figure A4 supports these findings with statistically analyzed final mortality
data. Treatments with 500 and 300 ppm also had the highest mortality rate and were not

significantly (P << 0.05) different from each other. 200 ppm treatment showed

intermediate mortality, significantly lower than above two but still indicative of sublethal
effects. Lower doses (100 and 50 ppm) and control show low or baseline mortality,
indistinguishable statistically. Therefore, these results affirm that mortality in earthworm
increases significantly with rising concentrations of CuO/NiO/CoO NPs and indicates a

potential threshold effect, where toxicity escalates sharply beyond a concentration of 100
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ppm. Therefore, in our study, 100 ppm NPs concentration was used with soil (vermi +
soil) for the evaluation of plant growth performance to avoid maximum toxicity. The
observed toxicological effects at higher doses may be attributed to enhanced ROS
(reactive oxygen species) generation, cellular membrane disruption, and NPs
accumulation in tissues. Moreover, minimal effects at lower concentrations suggest a

threshold below which these nanoparticles may be environmentally safe.
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Figure 3.5: Cumulative mortality (%) of E. fetida over a 21 day exposure period to
different concentrations (50-500 ppm) of biogenic TmONs compared to the control.
Bars represent Mean = SE (n = 3).

3.2.7 Toxicological Evaluation of Heavy Metals (Cu/Ni/Co) in Soil and Leaves of
Okra Plant

ICP-OES is a sensitive technique to measure trace metal concentrations by ionizing them
in plasma and detecting their emitted light at specific wavelengths. The calibration test
performed to validate the obtained values gave good coefficient of determination values
near 0.99 (Table 3.2). According to ICP-OES results, all acid-digested samples of soil

and plant leaves contained metals (Cu, Ni, and Co) within permissible limits set by WHO

(1996) (Table 3.3).
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Table 3.2 Table showing LoD (limit of detection) values and coefficient of regression

()

Sample Elements LoD (ppm) r2

Plant Cu 0.030 0.994
Ni 0.050 0.990
Co 0.020 0.997

Soil Cu 0.002 0.991
Ni 0.005 0.996
Co 0.002 0.985

Table 3.3 ICP-OES analysis of soil samples after growth of A. esculentus

Treatments* Sample Cu (ppm) Ni (ppm) Co (ppm)
TO Soil 0.028 0.008 -0.166
Plant 1.488 0.460 -0.097
nTO Soil 0.162 0.066 -0.150
Plant 0.070 0.328 -0.348
nTl Soil 0.019 0.077 -0.089
Plant 0.078 0.188 0.891
nT2 Soil 0.060 0.162 -0.430
Plant 0.991 0.953 -1.254
nT3 Soil 0.089 0.115 -0.229
Plant 1.408 1.203 -2.223
Permissible limits (soil) WHO 30 80 50%
(1996)
Permissible limits (plant) WHO 10 10 0.2-0.5%
(1996)

*TO (without TmONSs), positive control as nTO (TO+TmONSs), nT1 (T1+TmONS),
nT2(T2+TmONs) and nT3 (T3+TmONSs). “maximum tolerable limit [159]; *[160].

3.2.8 Evaluation of Growth Performance of A. esculentus

The initiation of seed germination commenced on the fourth day after sowing the seeds
in soil amended with vermicompost and TmONSs. The recorded germination events for
seeds in the TO group were documented on the seventh day. In contrast, in groups treated
with TmONs (nTO--nT3), the first germination instances were observed on the fourth day
post-sowing, as illustrated in Figure 3.6A. The TO group exhibited a modest germination
rate, with only 7 to 12% of plants germinating within the 10- to 15 day timeframe. In

contrast, the groups treated with TmONs (nTO--nT3) displayed enhanced germination
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rates, ranging from 18 to 25% (nT0), 25 to 35% (nT1), and 25 to 40% (nT3). As the
observation period extended to 21 days post-sowing, the germination percentages
increased to 32%, 47%, 52%, 63%, and 80%, as depicted in Figure 3.6B. These findings
unequivocally demonstrate that the incorporation of TmONs into the vermicompost
significantly augmented both the germination rates and seedling growth. Hence, the
improved performance observed across the nanoparticle-treated groups highlights the

positive impact of TMONs on seed germination and early seedling development.
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Figure 3.6: Germination performance across different treatments (TO, nTO, nT1, nT2,
nT3). The figure presents (A) cumulative germination and (B) germination percentage.
Bars with different letters (a, b, ¢, d) indicate statistically significant differences among
treatments at P << 0.05. Error bars represent the mean values + standard error (SE). TO

(without NPs), positive control as nTO (TO+ NPs), nT1 (T1+ NPs), nT2(T2+ NPs) and
nT3 (T3+ NPs).
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3.2.8.1 The Seed Vigour Index (SVI)

SVI, a crucial indicator of seed quality with a direct impact on the potential for plant
emergence, is assessed through the SVI [161]. The SVI is calculated by multiplying the
germination percentage and seedling length (mm) [162]. Across all nTO--nT3 groups, the
SVI values were consistently higher than the TO control group (Figure 3.7A).
Furthermore, the highest SVI in the nT3 treatment (1640 + 40) was notably 29%, 47%,
and 21% higher than the nTO (840 £ 0.3), nT1 (1118 £ 0.8), and nT2 (1355 + 1.0) groups,
respectively. Furthermore, these results collectively emphasize the positive influence of
trimetallic oxide nanoparticles on both the speed and vigour of seed germination,
highlighting the potential for improved plant emergence and growth in nanoparticle-

treated groups.

3.2.8.2 The Mean Germination Time (MGT)

MGT serves as a crucial parameter, representing the average duration required for the
maximum germination of seedlings. In comparison to the negative control group, a

significant (P << 0.05) reduction in MGT was observed across all groups treated with

TmONSs blended with vermicompost, as depicted in Figure 3.7B. Remarkably, the lowest
MGT value was recorded for the nT3 group (10.1+ 0.9), signifying a rapid and efficient
germination process. Quantitatively, the MGT values were 28%, 51%, 41%, and 63%
lower for nTO, nT1, nT2, and nT3 groups, respectively, when compared to the control
(TO) group. Hence, the substantial reduction in MGT across the treated groups
underscores the positive impact of TmONs on accelerating and optimizing the

germination process, thereby promoting robust seedling emergence.

3.2.8.3 The Coefficient Velocity of Germination (CVG)
The CVG serves as an important metric for assessing the speed and uniformity of seed

germination. In our study, the highest and lowest CVVG values were observed for the nT3
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group (10 + 1.0) and the TO control group (6 £ 0.5), respectively, as illustrated in Figure

3.7B. Additionally, the CVG for the nT3 group exhibited an approximate increase of

67%, 25%, 5%, and 18% over the TO, nTO, nT1, and nT2 groups, respectively. However,

the CVG values increases for vermicompost mixed with TmONSs relative to control group

(TO).
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Figure 3.7: Plots showing (A) Seed Vigour Index (SVI); (B) Mean Germination Time
(MGT) and Coefficient Velocity of Germination (CVG). Bars with different letters (a, b,
¢, d) indicate statistically significant differences among treatments at P << 0.05. Error
bars represent the mean values + standard error (SE).
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3.3 Discussion

3.3.1 Evaluation of Agro-Waste Derived Vermicompost Maturity

EC, pH, and C/N ratio are considered maturity parameters of vermicompost as mentioned
in Table 3.1. EC arises as a result of the breakdown of organic matter in soil and freely
available salts/ions created during earthworm metabolism. Therefore, the higher EC in
all blended feedstock groups (except TO) was due to a higher concentration of
salts/ions[163]. A lower C/N ratio may suggest an excess of nitrogen, while a higher ratio
may indicate an excess of carbon. It's important to note that the C/N ratio of
vermicompost may vary based on the initial mix of materials used in the composting
process. As a result, the C/N ratio of the T3 (CD+RS+PM) fed group was shown to be

lower (P < 0.05) than the other feedstock groups, indicating faster decomposition of

organic matter and release of nutrients for long term soil fertility. Moreover, a
vermicompost with a C/N between 12 and 25, and preferably less than 15, is considered
a good indication of mature vermicompost[164]. The pH variation in the range 7.1--8.1
was ascribed to a surge in nitrogenous waste excretion during vermicomposting, which
had the ability to bring the pH level back to neutral[165].

Earthworm castings contain more NPK than substrate materials, which in turn
increases the soil's NPK content and lowers the C/N ratio[166]. Our study showed
increased NPK after vermicomposting. Moreover, one major factor contributing to this
increase in P is the activity of earthworm gut enzymes. In plants, phosphorus plays a
crucial role in the photosynthetic process and is essential for efficient nutrient uptake
from the soil. Similarly, nitrogen influences chlorophyll synthesis, directly affecting
photosynthetic efficiency and overall biomass production[167]. These factors likely

improved okra physiological outcomes.
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3.3.2 Influence of TMONs-Enriched Vermicompost on Okra Growth Performance

The synergistic effect of TmONs, PM, and RS may explain the increased germination,
CVG, SVI, and lower MGT. Bhaskar and co-workers compared the effects of NiO, CuO,
and ZnO NPs individually on A. esculentus at concentrations varying from 100 to
1000 mg/L. and found repression of shoot and root length and germination[168].
However, TmONSs, where CuO, NiO, and CoO are present together, showed enhanced
growth parameters at 100 ppm concentration. The synergy optimized the concentration
of individual components, which served as an effective way to tolerate Cu, Ni, and Co
stress and toxicity. Hence, the fastest growth of the population of okra seed for nT3 is
attributed to the lowest MGT value. The ability of TmONSs to penetrate the seed coat and
speed up embryogenesis through enzyme activity may have led to seed dormancy
breaking down and accelerated the germination process[169]. However, the CVG values
increases for vermicompost mixed with TmONs relative to control group (T0). These
coefficient values vary from 0 to 100, with high values towards 100 suggesting rapid
germination and low values near 0 indicating very sluggish or even blocked germination.
Overall, this coefficient is used to calculate the rate and spread of germination, i.e., it is
a pure rate measurement devoid of germinability interference[170]. An elevated SVI
indicates that the soil provides a conducive environment for early plant development
characterized by adequate nutrient availability, active microbial communities, and
minimal phytotoxic stress. The high seed vigour obtained in our study could be attributed
to the potency of TmONSs based soil amendment in enhancing growth[171]. In addition,
numerous studies have reported the effects of various metal oxide nanoparticles on plant

growth, as summarized in Table 3.4.
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Table 3.4 Effects of nanoparticles on different plant growth parameters across different

plant species and dosages

Nanoparticles/Dosage  Plant Parameters Ref.
MGT CVG %G SVi
ZnO(10--200 mgL™?)  Zea mays - 2932.9 - - [172]
nSi0z(2--14 gL ™) Tomato 3.98% 507.82%  22.16 221 [173]
% 5%
CuO(0.1--10 mgLY)  Wheat 1.9240.054 50.6+1.46 100% - [174]
Fe(25--250 mgL™) Soyabean - - 90.34 -
% [175]
ZnO(25--500 mgL™) 94.74
%
Cu(5--50 mgL™?) 96.71
%
C0(0.05--2.5 mgL™?) 95.36
%
MgO(10--100 mgL?)  Vigna - - 100% 1340 [176]
radiata +10
ZnO(5--20 mgL 1) Wheat - - 100% 94% [177]
ZnO(750--1250 mgkg™ Capsicum 73% 1177
h annum
TiO2(750--1250mgkg” - - 67% 993  [178]
1
)
Ag(750--1250 mg kg 69% 1075
1
)
CuO/NiO/Co0O(100 A. 10.10£09 10x1.0 80% 1640 This
ppm) esculentus +40 work

MGT: Mean germination time, CVG: Coefficient velocity of germination, %G: Percent
germination, and SVI: Seed vigour index.
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Figure 3.8: Chord diagram depicting the associations between different treatments and
seed germination parameters. The diagram visualizes the interconnections between five
treatment groups TO (control), nTO, nT1, nT2, and nT3 and key germination indices. The
thickness and direction of the chords indicate the relative contribution of each treatment
to the germination metrics. Notably, nT3 and nT2 treatments show stronger associations
with higher germination percentage and CVG, suggesting enhanced germination
performance compared to the control.

The chord diagram in Figure 3.8 visually represents the strength and direction of
associations between various treatments (TO, nTO, nT1, nT2, nT3) and germination-
related biological parameters G%, MGT, and CVG. Each segment corresponds to a
treatment or parameter, with connecting ribbons indicating the magnitude of their
relationships. Notably, the nT3 treatment exhibits the most substantial association with
G%, suggesting a significant enhancement in seed germination under this condition.
Similarly, treatments nT2 and nT1 show notable connections to both G% and CVG,
implying improved seed performance. In contrast, MGT, which inversely relates to

germination efficiency, is more strongly associated with the untreated or less optimized

treatments (TO, nTO), indicating slower germination rates. These observations align with
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previous studies demonstrating that nanoparticles can enhance seed germination and
growth by improving nutrient availability and microbial activity[179]. Moreover, the
correlation matrix and heatmap (Figure A5 and A6) were also used to investigate the
interaction of TmONs with the physicochemical and biological parameters of

vermicompost.

3.3.3 Impact and Interaction of Biogenic Cu/Ni/Co Oxide Nanoparticles with Soil
Health, Biodiversity, and Soil Biota

Literature reveals copper, nickel, and cobalt oxide nanoparticles have demonstrated both
beneficial and potentially adverse effects on soil health and biodiversity, with their impact
largely dependent on concentration and interaction with soil constituents. Elevated
concentrations of Cu?, Ni*’, and Co*" metal ions can interfere with ion channel
functioning, impairing key physiological processes such as osmoregulation, digestion,
and nutrient uptake in soil organisms. While concentrations ranging from 50 to 100 ppm
are commonly encountered in agricultural soils, levels exceeding this range are typically
considered contaminative. Nevertheless, studies have shown that at concentrations below
100 ppm, these nanoparticles do not induce significant long-term toxicity in earthworms,
particularly in terms of survival, growth, or bioaccumulation[180]. Biogenic
nanoparticles also interact dynamically with soil organic matter and microbial
communities. These interactions are particularly relevant during early plant
developmental stages, such as germination, which involves complex metabolic events
including lipid mobilization, hormonal regulation, and nucleic acid biosynthesis[181].
The surface of phytosynthesized nanoparticles often contains functional moieties such as
hydroxyl (-OH) and carboxyl (-COOH) groups, which facilitate bonding with humic and
fulvic acids, leading to the formation of stable, nutrient-enriched complexes. These

interactions contribute to the mitigation of metal toxicity while enhancing nutrient
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bioavailability [182]. In addition, the gradual release of Cu?*, Ni**, and Co?* ions from
nano-oxides can influence soil microbial dynamics. These ions exhibit a strong binding
affinity toward thiol (-SH) groups in microbial enzymes and membrane proteins,
imparting mild antimicrobial properties that may contribute to the suppression of
pathogenic soil microbes without severely impacting beneficial populations[183].
Furthermore, these nanoparticles are known to catalyze the oxidative degradation of
recalcitrant organic materials such as lignin and cellulose, derived from agricultural
residues like rice straw and pressmud, by promoting reactive oxygen species (ROS)
generation during microbial respiration. The uptake and biological activity of these
nanoparticles in plants have also been supported by recent studies. For instance, increased
lipid accumulation in the plumule and cotyledon of mung bean seeds has been observed
in response to nanoparticle exposure during germination, indicating a stimulatory effect
on early development[184]. The presence of organic acids and proteins from Moringa-
based phytoconstituents may enhance nanoparticle entry into plant tissues by forming
chelated complexes that facilitate membrane transport[185]. The small size (<50 nm)
nanoparticles can absorb onto seed surfaces and release metal ions in a controlled manner
over time. Collectively, these findings suggest that biogenic Cu/Ni/Co oxide
nanoparticles, when applied within environmentally acceptable limits, can improve soil
fertility, enhance organic matter composition, and promote microbial equilibrium,

thereby supporting soil health and ecological biodiversity.

3.3.4 Physiochemical and Biochemical Roles of Cu, Ni, And Co in Plant Growth and
Stress Tolerance

These elements (Cu, Ni, and Co) have been discovered to be components of several
enzymes involved in photosynthesis, nitrogen metabolism, electron transport, plant

defense mechanisms, secondary metabolites, stress tolerance, antibacterial and antifungal
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capabilities [186], [187], [188]. Some researchers mentioned the concept of the oxidative
window for germination, which is a critical range of the ROS at which the occurrence of
the cellular events associated with germination is optimal [189]. The ICP-OES results
support oxidative window hypothesis, as all the concentrations within leaves and soil are
under optimum ppm levels. The earthworm tolerance study was useful in deciding the
concentration of the TmONSs. At higher concentrations of 200--500 ppm, the earthworms
were not able to survive, while at lower concentrations of 50 and 100 ppm, the survival
rate was high (Figure 3.6). Furthermore, the point is again justified in the studies, where
higher concentrations of NiO (250 and 500 mg L) caused toxicity in Chinese cabbage

seedlings, while lower concentrations of 50 mg/L had positive effects [185], [190].

3.3.4.1 Role of Cu in Germination and Antifungal Activity

Researchers have studied the production of copper oxide nanoparticles (CuO NPs) using
Eudrilus eugeniae vermi wash, identifying its practicality in the germination mechanism
of Vigna radiata seeds [191]. Their results show that CuO NPs have a favourable effect
on seed germination, and their lower concentrations can be used as fungicides, while high
doses can alter the levels of acidic, basic amino acids, and total protein [192], [193]. In
our study, TmONSs showed visual antifungal effects for the treated plants with respect to
the control. They might have been coated by root exudates or other organic moieties
present in the soil, which lead to surface modifications and hence reduce the toxicity of
metals. A similar observation is reported, where a coating of citric acid reduced the

toxicity of CuO NPs in soyabean [141].

3.3.4.2 Role of Ni in Nitrogen Metabolism and ROS Signalling

Nickel is also an essential micronutrient for seed germination and senescence. It is a
major component of the urease enzyme, which hydrolyzes urea into ammonia and

carbamic acid, a source of nitrogen for plants. It increases the solubility of nitrogen and
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phosphorus in the soil, making these nutrients more available to plants. Germination
parameters were considerably enhanced in okra seedlings by using an optimized
concentration of NiO in TmONs, which helped in regulating the plant's stress response
through the generation of ROS and thereby triggering several signalling pathways and
stress-responsive gene expression. A similar effect was seen in Vigna mungo plants when
NiO-NPs were supplemented in a dose-dependent manner [194]. Further, it was proved
that nano NiO at environmentally relevant concentrations does not produce significant
phytotoxicity [190]. Along with this, nickel serves in nitrogen fixation, along with cobalt
and vitamin B12. Furthermore, an enhancement in shoot and root lengths was also
observed by using TmONSs, which led to an increase in overall biomass and justified the

concentration of TmONSs used [142].

3.3.4.3 Role of Co in Chlorophyll Synthesis, Metal Transport and Root Development

Cobalt in lower concentration may have aided in better nodulation and, as a result,
improved growth and yield in our study. In fact, the specific mechanisms of
accumulation, translocation, and specific transporter are still unknown to a great extent
for cobalt. It is considered a non-essential element in plants, but recent studies have
marked the vital role of Co in a number of physiological processes involving the synthesis
of photosynthetic pigments which result in increased biomass [146]. Instilling drought
and stress resistance within the wheat plant is another essential function of Co, since it
plays a regulatory role in reducing transpirational rate through water use regulation [195].
A study provides valuable insight about the role of Co in redox homeostasis over
melatonin in improving yield under salt stress conditions in cucumber [196]. In
continuation, our study also gave positive results in terms of increased seedling height
and growth index, which indicate the synergy between Cu and Co, as reported by

Talankova and co-workers, where adding colloidal solutions of Co and Cu to Murashige
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and Skoog nutrient medium led to increased microplant height and growth index [197].
Moreover, the increased root hair formation in all the treated plants (Figure 3.9A) could
be due to the effect of Co, which led to increased absorption of water and nutrients, further
boosting growth. CoO in TmONs improved plant nutrient uptake by chelating with other
metal ions (like Fe) and making them more available to plants. Further, due to similar
chemical properties, the synergy between Co and Ni played an important role in plant
metabolism. A supporting work also mentioned an ATP-binding cassette (ABC)
transporter that aids in the transportation of Co and Ni into and out of the chloroplast
[198] (Figure 3.9B). Moreover, in our study the chlorophyll content was also found to be

highest for nT3 group, as shown in Table A3.
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Figure 3.9: (A) Pictures showing root length in treatment groups. (B) lonic pathway for
the metal ions (Cu®*, Ni?* and Co?") moving from roots to leaves. IRT1, NRAMP,
HMAS, FPN2, HMAL1/6/3, and ABC are transporter proteins involved in translocation.

3.3.5 Mechanism of TmONSs Uptake and Metal lon Transport in Plants

Based on literature, the TmMONSs may have entered root cells via the apoplastic/symplastic
process, the ABC (ATP-Binding Cassette) transporter, endocytosis, ion carriers like IRT1
(Iron-Regulated Transporter 1), etc., where they get involved in various metabolic
processes upon interaction with different organelles [199]. The apoplastic pathway allows
passive movement through the extracellular space, while the symplastic pathway involves
transport through the cytoplasm via plasmodesmata. Furthermore, various transporter
proteins are present in plants for the selective translocation of respective metal ions. The
cations are taken up by the plant cells as they form complexes with organic compounds
in the soil. These noncovalent interactions could be coordinate bonds or electrostatic
bonds. The soil is slightly acidic due to the presence of acids like tartaric acid and malic
acid etc. The polyvalent cations bind with the O and N groups by the unshared electrons
present on them as a result the positive charge neutralizes. On the other hand, these ions
can also attract negatively charged groups (-COOH) to form electrostatic bonds where

the positive charge retains [200]. For instance, Co?" is transported from soil to the
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epidermis along with iron with the help of iron-regulated transportin proteins, IRT1, Cu?*
by HMA5 (Heavy Metal ATPase 5), and Ni** by NRAMP (Natural Resistance-
Associated Macrophage Protein) including NRAMP1 and NRAMP6 (Figure 3.9B)
facilitates the uptake and intracellular remobilization of divalent metal ions such as Fe*”,
Mn?*, and Co?', particularly under deficiency conditions[201]. Similarly, IRT1, although
primarily responsive to iron deficiency, exhibits promiscuity in substrate selectivity and
enables Co?" uptake across the root epidermis [202]. Once inside, Ferroportins like FPN1
and FPN2 mediate the efflux of Co?* from root cortical cells into the xylem, ensuring its
delivery to aerial tissues while preventing local ion toxicity [203]. ABC transporters such
as AtABCC1 and AtABCC2 are involved in the vacuolar sequestration and detoxification
of excess Co?’, thus maintaining cytosolic homeostasis and minimizing oxidative damage
[204], [205].

Before being transported to shoots, these ions form complexes with citrate, histidine,
methionine, or nicotinamide in the xylem, preventing precipitation. In leaves, these ions
are released and take part in metabolisms involving ABC transporters. For example, Cu?*
ions are involved in the function of enzymes like plastocyanin, which is essential for the
electron transport chain in photosynthesis. Additionally, Ni?* is required for the activation
of urease, an enzyme critical for nitrogen metabolism, while Co?" is necessary for the
synthesis of certain cofactors like vitamin B12 in specific plants.

Cobalt ions (Co?") reduce leaf abscission in A. esculentus by specifically inhibiting 1-
aminocyclopropane-1-carboxylic acid (ACC) oxidase, the key enzyme catalyzing the
conversion of ACC to ethylene. This inhibition lowers ethylene levels in plant tissues,
which in turn delays the activation of abscission-related processes in the leaf abscission
zone. In the presence of Co?’, auxin transport from the leaf blade to the abscission zone

remains uninterrupted, preventing the hormonal imbalance that typically initiates cell
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separation. Similar results were seen in a study on Rosa hybrida[206]. Additionally, Co**
suppresses the expression of hydrolytic enzymes like cellulases and polygalacturonases,
which are responsible for degrading the middle lamella. It also enhances the activity of
antioxidant enzymes such as superoxide dismutase and catalase, reducing ROS
accumulation that would otherwise promote abscission . These combined effects preserve
the structural integrity of the abscission zone and delay leaf detachment in treated okra
plants[200].

As a consequence, deficiency of any of these metals can lead to stunted growth,
reduced root development, reduced seed production, changes in leaf shape, and decreased
chlorophyll content. On the other hand, an excessive amount can have similar negative
effects. Therefore, a balanced and controlled application of these nanoparticles is crucial
for maximizing their benefits and minimizing potential adverse effects. It is worth
mentioning that no such adverse effects were seen in the treated vermicompost plants

during the whole study period, which may be related to the optimal TmONs concentration.

3.3.6 Comparison of Agro-Waste Derived Vermicompost with Chemical Fertilizers

Compared to chemical fertilizer, vermicompost contains less NPK and more organic
compounds like polysaccharides, proteins, and lipids, which boost the microbial
colony[207]. Due to its eco-friendly nature, vermicompost feeding could greatly
influence crop quality management by addressing the problems associated with chemical
fertilizers [136]. Furthermore, the more disaggregated vermicompost as compared to
controls could be due to the action of bacteria and enzymes produced by E. fetida, which
was enhanced by adding nanoparticles in nT3. High surface area, tunable porosity, and
strong cation exchange interactions could have resulted in massive holes, fragmentation,
and porosity allowing good absorption, aeration, and drainage [114]. Moreover, during

toxicological risk assessment on earthworms, it was found that at concentrations higher
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than 100 ppm the mortality was high, which was primarily due to desiccation, likely due

to disruption of water regulation mechanisms.

3.3.7 Potential Regulatory Challenges Associated with the Use of Nanoparticles

In India, various agencies, like the Indian Council of Agricultural Research (ICAR),
Department of Biotechnology (DBT), the Food Safety and Standards Authority of India
(FSSAI), and the Ministry of Environment, Forest and Climate Change (MoEFCC), have
framed some laws and safety regulations, but they are still evolving and subject to change

with time [208].

3.3.8 Leaching and Bioaccumulation of Cu, Ni, And Co Metals

Nanoparticles influence at the cell level, thus increasing the pace of physiological
processes in plants. Plant based materials seem to be the best candidates for synthesizing
biocompatible NPs due to the biochemical diversity of plant extracts, non-toxic
phytochemical constituents, non-pathogenicity, low cost, and flexibility in reaction
parameters as compared to chemical synthesis methods. It is well established that nano-
fertilizers follow slow-release and minimum leaching properties as compared to bulk
counterparts when used in low concentrations (<100 ppm)[209]. The controlled release
of nutrients from these nanoparticles reduces leaching into groundwater, thereby
minimizing nutrient runoff and environmental pollution. Moreover, conventional
fertilizers such as urea, PK, ammonium phosphate, etc., pose serious issues like loss in
soil fertility and runoff. Nitrogen fertilizers in general have an efficiency of only 30--
50%, hence biogenic nanofertilizers can be a better substitute to improve soil quality and
boost yield . Copper oxide (CuO), nickel oxide (NiO), and cobalt oxide (CoO)
nanoparticles, when used in soil as fertilizers in a given ratio of precursors, can positively

impact plant growth and soil health through controlled bioaccumulation and leaching
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processes. Moreover, our study is also supported by previous studies that mention
concentrations below 100 ppm cause no substantial long-term harmful effect on

earthworm survival and combinations/mixtures of nanoparticles to be considered [210].

3.4 Conclusions

Novel biogenic trimetallic (Cu/Ni/Co) oxide nanoparticles derived from Moringa
oleifera leaves extract significantly enhanced vermicompost quality and okra seedling
performance. When combined with industrial wastes (RS and PM), these TmONSs work
as an efficient nano-organic fertilizer. The electrical conductivity, total organic carbon,
and NPK content of the produced vermicompost were significantly increased (P < 0.05)
due to the effect of PM and RS, while the C/N ratio was dropped. The efficiency of the
nano-organic amendment was evident in the growth parameters of okra plants, as a
significant increase in cumulative germination, CVG, and SVI by 167%, 67%, and 95%,
respectively, was achieved with respect to control. Among all treatments, the best growth
parameters were observed for nT3. Moreover, ecological risk assessment of TmONs
concentration has also been evaluated and found to be under the maximum permissible
limits of WHO (1996), establishing a foundation for environmental safety. This
synergetic approach for nano-organic amendment continues to serve a dual purpose:
recycling agro-waste and, at the same time, impacting the agricultural transformation by
using eco-friendly fertilizer. Therefore, these findings support the use of biogenic TmMONs
in conjunction with RS and PM as a nano-organic amendment for soil reclamation. To
ensure biocompatibility, future nano formulations should prioritize metal oxides that
naturally occur in plant metalloenzymes, applied at concentrations <100 ppm. For
policymakers, it is suggested to develop strict guidelines that monitor and regulate the

use of biogenic nanoparticles.
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3.5 Limitations and Future Research Directions

While this study establishes the immediate benefits of TmONs-enriched vermicompost,
several critical areas require investigation before widespread agricultural
implementation. To evaluate nanoparticles agglomeration in soil and their effect on
important microbial communities (particularly nitrogen-fixing bacteria) and soil
properties, further research is required. Evaluation of cumulative effects on soil fertility
and microbial diversity across different crops as well as under varying soil pH and
climatic conditions should be done through multi-season field trials employing
techniques like 16S rRNA sequencing and soil enzyme profiling. Although our current
research work confirmed metal concentrations within WHO limits, long-term leaching
studies are required to monitor metal accumulation and groundwater contamination to
assess environmental safety. Moreover, stress-related gene expression and metabolic
shifts induced by metal oxide nanoparticles’ exposure must be explained by molecular-
level research employing proteomics, transcriptomics, and enzyme activity assays,
providing fundamental insights for optimized nanoparticles synthesis. Knowledge of
nanomaterial-based products, availability of trustworthy information, and confidence in
new technologies are required by the farmers. Such efforts may include building
confidence by field demonstrations. Additionally, regulatory frameworks controlling the
use of nanoparticles in agriculture are still evolving, therefore, influencing the path of
commercialization of the formulation. Hence, the establishment of standardized
international guidelines for the agricultural application of biogenic nanoparticles is
strongly recommended, with particular emphasis on environmental monitoring
frameworks and comprehensive safety evaluation protocols. Future efforts could include
regulatory compliance, and cost-effective research to enable informed and responsible

field-level adoption.
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“While Chapter 3 explored the agricultural potential and eco-toxicity profile of the
synthesized Cu/Ni/Co oxide nanoparticles, Chapter 4 advances the discussion toward a
deeper material perspective elucidating structure-property relationship. Therefore, the
next chapter shifts the focus toward the structural, morphological, optical, and magnetic

properties of CuO/NiO mixed oxide nanoparticles. ”
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CHAPTER 4

Influence of compositional variation on
the structural, morphological, optical
and magnetic properties of CuO/NiO

NPs synthesized using Moringa oleifera

leaves extract?

This chapter is adapted from: Composition dependent variation in structural,
morphological, optical and magnetic properties of biogenic CuO/NiO mixed oxide
nanoparticles. Journal of alloys and compounds, 979, (117):173422.
https://doi.org/10.1016/j.jallcom.2024.173422.

4.1 Introduction

The engineering of nanoscale structures with meticulously regulated morphological
characteristics, dimensional parameters, and compositional stoichiometry represents a
cornerstone of contemporary materials science research. This precision in structural
control stems from the exceptional physicochemical attributes exhibited by
nanomaterials, which significantly differentiate them from their bulk counterparts and
establish their superiority in diverse technological applications [211]. The enhanced
surface-to-volume ratio, quantum confinement effects, and altered electronic properties
inherent to nanoscale dimensions contribute to their unprecedented functionality across
multiple domains [212].

Binary metal oxide nanomaterials comprising copper and nickel have garnered
considerable scientific interest in recent decades due to their remarkable physicochemical
characteristics and diverse technological applications. These nanostructures demonstrate

exceptional features including ferromagnetic behavior[213], enhanced catalytic

A manuscript based on this chapter has been published in Journal of Alloys and Compounds.
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performance[214], [215], [216] and excellent biological compatibility,[217] making them
valuable for numerous industrial processes. The integration of copper oxide with nickel
oxide creates a unique hybrid system where each component contributes distinct
advantages. Copper oxide nanomaterials are renowned for their antimicrobial efficacy,
while nickel oxide exhibits pronounced magnetic characteristics. This complementary
combination establishes novel research opportunities and technological possibilities. The
optimization of these characteristics is directly influenced by the stoichiometric ratio of
copper to nickel precursors. Moreover, the modifiable surface characteristics of CuO/NiO
mixed oxides facilitate the incorporation of specific targeting molecules, enabling
selective identification of biological markers and implementation in chemical sensor
applications. These materials find extensive utilization in biomedical fields, serving as
contrast enhancement agents for various imaging modalities, particularly magnetic
resonance imaging (MRI)[218], [219]. Magnetic hyperthermia therapy exploits the
ferromagnetic properties of nickel oxide components, wherein these nanostructures
produce concentrated thermal energy to selectively eliminate malignant cells when
exposed to alternating magnetic fields. Research indicates that the magnetic behavior of
these composite materials correlates directly with nickel content concentration [220].
However, despite their promising applications, limited investigation has been conducted
regarding the magnetic characteristics of CuO/NiO composite nanoparticles. Current
literature reveals insufficient exploration of their magnetic properties and structure-
property relationships.

Various synthetic approaches have been employed for fabricating mixed oxides
CuO/NiO nanoparticles, including solvothermal process[221], sol-gel technique[222],
hydrothermal methods[223], [224] and microemulsion approaches[225]. However, these

conventional methodologies present several limitations including high energy
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consumption, extended reaction durations, expensive instrumentation requirements,
reduced product yields, and utilization of hazardous chemicals that raise environmental
and safety concerns. This investigation employs an environmentally sustainable solution
combustion methodology for synthesizing Cu-Ni mixed oxide nanoparticles as presented
in Chapter 2. Recent research has demonstrated successful synthesis of various nano-
oxides using solution combustion techniques with plant extracts, including ZnO spherical
structures, Fe>Os nanocubes, SnO. nanorods, and ZnFe>O4 nanoparticles[226], [227],
[228], [229]. This methodology involves rapid combustion of a solution containing fuel
and oxidizing agents. The combustion process generates substantial thermal energy,
causing solution vaporization followed by condensation to form solid products. The
resulting materials typically exhibit nanostructured morphology with superior purity and
homogeneous composition [94]. This process enables early-stage formation with diverse
morphological characteristics within minutes. A significant advantage of this
methodology is the elimination of toxic reagents, instead utilizing plant extracts that are
environmentally sustainable and incorporate functional groups onto nanoparticle
surfaces, resulting in enhanced biocompatibility.

Therefore, this study represents the inaugural utilization of Moringa oleifera leaves
extract for synthesizing CuO/NiO nanoparticles in three different ratios (N12=1:2,
N21=2:1, N22=1:1) through green solution combustion methodology. Additionally, the
investigation examines how varying salt precursor concentrations affect structural,
morphological, optical, and magnetic properties comprehensively. The biologically
synthesized nanoparticles underwent comprehensive analytical characterization using X-
ray diffraction analysis (XRD), X-ray photoelectron spectroscopy (XPS), high-resolution
transmission electron microscopy (HR-TEM), and vibrating sample magnetometry

(VSM) techniques to evaluate their properties and suggest potential applications.
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4.2 Results and Discussion

4.2.1 Characterization of Synthesized Nanoparticles
4.2.2.1 Structural and Functional Analysis

The crystallographic structures of mixed oxide nanomaterials featuring different
Cu?":Ni** molar proportions (1:2, 1:1, and 2:1), designated as N12, N22, and N21
respectively, were examined alongside single-metal oxides NM1 and NM2 through
powder X-ray diffraction analysis, as illustrated in Figure 4.1A. XRD characterization
provides valuable information regarding crystallite dimensions and structural
imperfections, while peak intensity ratios reveal the spatial arrangement of atoms within
the crystal lattice. Figure. 4.1B displays the diffraction patterns for N22 nanomaterials
compared with theoretical XRD profiles of standard references, where reflections
attributed to CuO (depicted in red) corresponded to ICSD-69758 database entry, and
those associated with NiO (shown in blue) matched ICSD-9866 reference data. The
presence of a face-centered cubic crystal system for NiO (Fm-3m symmetry group) [214]
monoclinic structure for CuO [230] were confirmed. Additionally, the absence of
extraneous diffraction peaks demonstrated the synthesis of exceptionally pure CuO and
NiO phases, suggesting that high-quality CuO/NiO nanomaterials can be successfully
fabricated through environmentally friendly solution combustion methodology.

In the diffraction patterns of N12, N22, and N21 nanomaterials, reflections
corresponding to both metallic oxides (marked in orange) were evident, confirming the
development of composite oxide systems with optimal crystalline quality observed in
N22 (Figure 4.1B). Peak intensities fluctuated according to compositional ratios;
specifically, the N12 sample with enhanced nickel concentration exhibited prominent
NiO reflections relative to CuO peaks. Conversely, N22 demonstrated well-resolved
reflections throughout, indicating superior crystalline ordering compared to N12 and N21

compositions. Employing the Debye-Scherrer equation:
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kA

= Beost Equation 4.1

where D represents the average crystallite dimension (nm); k denotes the shape factor
constant with a value of 0.94; 1 corresponds to the X-ray wavelength (0.15406 nm); S
indicates the full-width at half-maximum (FWHM) expressed in radians for the
diffraction peaks; and @ signifies the Bragg diffraction angle (in degrees), the average
crystallite size of the composite oxide nanomaterials was determined to be 11, 34, and 22

nm for samples N12, N22, and N21, respectively [231].
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Figure 4.1: (A) XRD patterns of NM1, N12, N22, N21 and NM2 (orange highlighted
area shows peaks for oxide mixing) and (B) simulated XRD patterns for N22 biogenic
nanoparticles against standard references.
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The surface composition of the biologically synthesized nanomaterials was analyzed
through X-ray photoelectron spectroscopy (XPS) characterization. Both survey spectra
and high-resolution core-level analyses are presented in Figure 4.2. Peak deconvolution
was performed using a mixed Gaussian-Lorentzian line shape after Shirley background
subtraction. The fitting was done till physically meaningful and supported by R? values
near 0.99. The wide-scan spectrum revealed the presence of Cu, Ni, O, and C constituents
alongside their corresponding Auger electron signals. The O 1s photoelectron spectrum
was deconvoluted into four distinct peaks: lattice oxygen (OL) positioned at 529.7 eV,
oxygen defects (On) located at 531.8 eV, carbon-bonded oxygen species (C—O and O—
C=0) (Oc) at 533.2 eV, and physisorbed oxygen (Ow) at 533.9 eV, which aligns with
previously reported findings in the literature [232]. The presence of both C-O and O—
C=0 functional groups indicates that phytochemical molecules from the plant extract are
not just physically adsorbed but are also chemically interacting with the surface Cu** and
Ni?* ions. This coordination plays a key role in stabilizing the nanoparticles and reducing
their tendency to agglomerate. Such surface functionalization enhances the hydrophilic
nature and colloidal stability of the particles, while also supporting favourable biological
interactions. Moreover, the bio-derived organic layer improves overall biocompatibility
and broadens the applicability of the nanoparticles in areas such as catalysis,
antimicrobial activity, and drug delivery. The Cu 2p photoelectron spectrum exhibited
two characteristic signals at binding energies of 933.2 eV and 953.2 eV, corresponding
to Cu 2ps2 and Cu 2py, transitions, respectively. The observation of multiplet shake-up
features for Cu 2ps2 within the 940.8 to 942.3 eV energy range validated the existence of
CuO (Cu?") oxidation state[215]. In the Ni 2p core-level analysis, the characteristic
signatures of Ni 2p12 and Ni 2ps/> were consistent with NiO spinel structure, with spectral

deconvolution performed across the 853 to 870 eV binding energy window. The
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confirmation of Ni** species in sample N22 was evidenced by principal photoelectron
lines at 854.9 eV (Ni 2p3p) and 872.8 eV (Ni 2p1r), accompanied by their respective
shake-up satellites at 861.2 eV and 879.6 eV[233]. The multiplet features observed
between 854.14 to 855.8 eV provided additional confirmation of Ni** species within the
N22 sample. The spin-orbit splitting characteristic of Ni** in its oxide environment was
clearly evident from the 17.9 eV energy difference between the Ni 2ps2 and Ni 2p1»
peaks. The elemental composition from the XPS measurements, the Cu?":Ni** atomic
ratio was determined to be 1.28 for sample N22. Similar spectral patterns and

interpretations were found for both N12 and N21 samples.
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Figure 4.2: (A) XPS full scan spectra, (B) O 1s spectrum, (C) Cu 2p spectrum, and (D)
Ni 2p spectrum of biogenic N22.
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The vibrational spectroscopic characterization of the biologically synthesized
nanomaterials before and after calcination is presented in the accompanying spectral data
in Figure 4.3(A--C). The broad absorption bands spanning 3600 and 3300 cm™ validate
the existence of O-H groups associated with carboxylic acid functionalities. Additionally,
the uncalcined samples exhibit distinct absorption features at 2923 and 2849 cm!,
attributed to C-CHs and CH: stretching modes, respectively. The C=0 stretching
frequencies corresponding to amide | and Il conformations are evidenced by absorption
maxima at 1640 and 1516 cm™. The peaks at 1353 and 1373 cm™ represent C-H bending.
Dual absorption signals at 1108 and 1076 cm™ substantiate the existence of C-O
stretching in all uncalcined samples. Beyond these organic signatures, all mixed oxide
nanomaterials demonstrate characteristic metal-oxygen vibrational modes within the
400-600 cm™ spectral region. Following calcination, it is distinctly apparent that the
predominant metal-oxygen absorption feature persists while organic-related peaks
undergo significant attenuation, thereby confirming the successful formation of pure

metal oxide nanostructures.
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Figure 4.3: FTIR spectra before and after calcination for (A) N12, (B) N22 and (C)
N21 biogenic nanoparticles.

4.2.2.2 Morphological and Surface Analysis

The N adsorption-desorption isotherms (STP) of all five samples prepared by green
solution combustion method using Moringa oleifera leaves extract are illustrated in
Figure 4.4. Each oxide nanomaterial exhibits small hysteresis loops, with the isotherm
shape corresponding to Type IV classification according to IUPAC standards. The BET
specific surface area (SSA) calculations were performed across the relative pressure
range of 0.1 < P/Po < 1.0 for samples N12, N22, and N21, yielding values spanning 4.92-
-11.2 m?/g, with the maximum surface area recorded for specimen N22. It is worth
noticing that the SSA was increased for all mixed oxides (N12, N22 and N21) as
compared to mono-oxides nanoparticles, which is similar to the results obtained by Zedan

etal. 2022 [234]. The SSA, average pore diameter and pore volume are listed in the Table

99



4.1. The average pore diameter distribution of the materials also reflects the existence of
partly mesoporous structure but an anomaly exists for N12 where the pore size is 55.4
nm, which is outside the mesoporous range as compared to other biogenic nanoparticles.

The higher specific surface area observed for sample N22 is consistent with its
comparatively smaller crystallite size and more homogeneous particle distribution
observed in the XRD and TEM analyses. A reduction in crystallite size generally
increases the surface-to-volume ratio, thereby exposing a greater number of accessible
adsorption sites. Conversely, particle agglomeration, as observed for sample N12,
reduces the effective surface area by decreasing the accessible external surface despite a
similar chemical composition. This inverse relationship between crystallite size and
specific surface area has been widely reported for mixed metal oxide nanoparticles and
plays an important role in determining their adsorption, catalytic, and electrochemical
performance [92], [235], [236]. These low surface area biogenic nanoparticles are well
suited for biomedical applications as they increase the biocompatibility and reduce the

risk of toxicity [237].

Table 4.1 BET surface area, average pore diameter and pore volume of the biogenic
NM1, N12, N22, N21 and NM2 nanoparticles

Biogenic BET surface Average pore
NPs area (m?/g) diameter (nm) Pore volume (cm®/g)
NM1 241 33.88 0.554

N12 (1:2) 4.92 55.7 0.069

N22 (1:1) 11.2 38.33 0.110

N21 (2:1) 5.07 40.56 0.05
NM2 10.2 39.37 0.081
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Figure 4.4: The N adsorption-desorption isotherm (STP) for biogenic N22
nanoparticles.

Figure 4.5 shows FE-SEM images of as-synthesised NM1, N12, N22, N21, and NM2
biogenic nanoparticles. It is observed that NM2 (NiO) nanoparticles are much smaller
and more spherical in nature while NM1 (CuQO) nanoparticles are slightly bigger having
irregular morphology. The surface energy of copper ions is large that leads to rapid
nucleation and growth even in the presence of nickel ions. This could be the reason for
comparatively bigger particles of CuO than NiO even at equal ratios of the precursors.
For N21, where the concentration of copper is high, we can see larger particles while for
N12 the number of larger particles is significantly reduced. Hence, when both precursors
are added in a certain ratio, the nanoparticle size changes and the agglomeration becomes
homogeneous. It should be highlighted that employing synthetic chemicals as a reducing
agent makes it exceedingly challenging to create required size nanoparticles with variable
shape and monodispersity [238]. However, using Moringa oleifera extract, we were able
to achieve definite shaped nanoparticles by simple variation of concentration of metal ion
and calcination temperature indicating its significant role in making such shape. The
average particle sizes for N12, N22 and NM2 nanoparticles are found in the range of 29-

-56 nm. The presence of Cu, Ni, C, N and O in NM1, N12, N22, N21 and NM2
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nanoparticles have been evidenced through energy dispersive spectrometry analysis

(Figure A7--A9).

Figure 4.5: FE-SEM images of the biogenic NM1, N12, N22, N21, and NM2
nanoparticles.

The morphology of the nanoparticles was further studied using transmission electron
microscopy (TEM). From the images in Figure 4.6, nearly spherical shape particles as
well as hexagonal particles with round corners can be seen for N12, N22 and N21
nanoparticles, which is in line with the SEM discussion. The persistent parallel lattice
fringes and cross fringes visible on individual particles in the high-resolution TEM (HR-

TEM) images are indicative of the existence of mixed oxides. The lattice spacing was
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determined to be 0.23 nm for the CuO (111) plane and 0.20 nm for the NiO (200)

interplanar spacing [239].

Figure 4.6: TEM images and SAED patterns of N12, N22, and N21 of biogenic
nanoparticles.

The selected area electron diffraction (SAED) patterns for all mixed oxides revealed
spots on concentric rings, indicating that the synthesized nanoparticles are polycrystalline

in nature. It can be seen that the rings in N22 are more prominent as compared to N12
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and N21 that could be attributed to the fact that N22 has more homogenous arrangement
of particles, which are majorly spherical. Spherical particles have a more uniform
scattering cross-section, while the irregular shaped nanoparticles have a more variable
scattering cross-section. In other words, N22 is having more regular lattice structure, so
they scatter the electrons efficiently. Each ring represents a distinct interplanar spacing
of the Bragg reflection planes, which further demonstrated the presence of both types of

NiO and CuO particles.

4.2.2.3 Optical Properties

Figure 4.7A shows the DRS spectra of the as-formed NM1, NM2 along with mixed
oxides N12, N21 and N22 NPs exhibiting the absorption maxima at 284 nm for all
followed by one major shoulder peak at 440 nm for mixed oxides. The absorption range
has been found to be increased and covers visible region too for mixed oxides indicating
their photo-activity in UV as well as visible region. A similar pattern has been observed
by Bakre and co-workers [240]. The peaks appear as a result of surface plasmon
resonance phenomenon of the nano-metal oxides. It is caused when the incident
electromagnetic radiation-induce collective oscillation of free conduction band electrons.
When the wavelength of the incoming light is significantly larger than the particle
diameter, this form of resonance occurs [241].
The lowest wavelength needed to excite an electron is determined by the material's
band-gap energy (Eg). The optical band gap was determined using the Tauc relation,
(ahv)" = A(hv — E,) Equation 4.2
where a is the absorption coefficient, hvis the incident photon energy, Ais a
proportionality constant, and Eg is the optical band gap. Since CuO and NiO are generally
reported to exhibit direct allowed electronic transitions, the exponent n = 2 was employed

for constructing the Tauc plots. The band-gap values were therefore obtained by
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extrapolating the linear region of the (ahv)? versus hv plots to (ahv)? = 0, following
the widely accepted procedure for direct band-gap semiconductors. The band-gap values

for mixed oxides were found in the range of 2.19--2.46 eV (Figure 4.8 B--D) [242].
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Figure 4.7: (A) UV-DRS spectra and (B)--(D)Tauc plots of the biogenic nanoparticles
(N12, N22 and N21).
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4.2.2.4 Magnetic Properties and Size-Dependent Behaviour of CuO/NiO Biogenic
Nanoparticles

Magnetic field vs magnetization behaviour of the synthesized samples was analysed
using Vibrating sample magnetometer (VSM) at 300K. Figure 4.8A depicts the
cumulative M-H hysteresis loops of NM1, N12, N22, N21 and NM2 biogenic
nanoparticles. The observation of negligible magnetic hysteresis loops for all the calcined
samples illustrates the soft magnetic behaviour [243]. The values for coercivity (Hc),
saturation magnetisation (Ms) and remanence (Mr) were determined and it was found
that the Ms values of the nanoparticles increases with nickel content with Mr following
the same trend (N22>N12>N21). However, the Hc follows opposite trend as:
N22>N21>N12 (Table 4.2). The variation in Hc, Ms and Mr with different ratio of

nanoparticles is shown in Figure 4.8B and 4.8C.
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Figure 4.8: Variation in magnetic properties for all ratios of biogenic nanoparticles (A)
Room-temperature hysteresis loops (inset shows magnified view near zero field), (B)
Coercivity values, and (C) Saturation magnetization (Ms) and remanent magnetization
(Mr) variations among all ratios.

Further observing the hysteresis reveals NM1 and NM2 show superparamagnetic
characteristics with NM1 exhibiting very feeble superparamagnetism as evident from
Langevin fit (Figure A10) to the hysteresis loop. It was fascinating to note that different
ratio of the nanoparticles exhibited different magnetic behaviours. To further delve deep
into their magnetic behaviours, ZFC and FC measurements were performed at two
different fields i.e., 1000 Oe and 3000 Oe. It was investigated that there was no major
difference in the shape of the curves at these two fields so susceptibility was plotted
against temperature regime (5K to 378 K) to further confirm the nature of the particles
(Figure 4.9). N12 follows typical curve for ferromagnetic particles wherein after curie
temperature (Tc) the particles start to behave like paramagnetic. It was also confirmed
from the overlapping curve obtained for Mzrc-Mrc which is the indication of presence of
single phase[244]. For N22, the curve follows the behaviour of paramagnetic materials
and when observed closely there was a small cusp like peak in the susceptibility plot
which could have raised due to transition towards ferromagnetic behaviour. A different

type of transition from para to superconducting material was observed for N21. It should

be noted that the reported transition temperatures were estimated qualitatively from the
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inflection observed in the ZFC-FC susceptibility curves rather than from direct
measurements. A more rigorous determination would require complementary analyses

such as Arrott plots.
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Figure 4.9: Temperature dependence of magnetization (M/H) for (A) N12 sample,
showing the Curie temperature (Tc) near 250 K, (B) N22 sample, highlighting transition
around 60 K, and (C) N21 displaying two distinct low-temperature transitions below 100
K, followed by a gradual increase in M/H at higher temperatures.

Nanoparticles NM1, N22 and NM2 were resynthesized to get smaller particles and
study the effect of size on coercivity. Figure 4.10 suggests that decreasing the size
decreases the Hc values[245], [246]. Moreover, there is an increase in Ms values. On the

basis of this impact, it could be presented that smaller particles have high thermal energy,

which can possibly overcome the magnetic interaction among the particles.
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Figure 4.10: Plots showing the effect of particle size on the coercivity (Hc) of NM1,
N22, and NM2 nanoparticles, with corresponding particle size distributions displayed on
the right.

The magnetocrystalline anisotropy (K) is determined by the super-exchange

interaction between the octahedral and tetrahedral sites of Cu?* and Ni%*. Low K value

represents soft materials with high symmetry lattice and poor spin-orbit interaction

causing orbital magnetic moments to be quenched [247], [248](Table 4.2). Also, it is

envisaged that dipolar interaction between single domain particles would lead to the

presence of magnetic anisotropy although they are polycrystalline this could be due to

the shape and sufficiently small size which lead to the moments to behave as a whole

[249]. Finally, VSM results concludes that CuO/NiO mixed oxides nanoparticles are
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more suited for biomedical and device applications where a variable magnetism is
required as these biogenic nanoparticles have Mr values close to zero so they tend to lose
their magnetic property when the applied field is removed.

Table 4.2. Values of Hc, Ms, Mr, squareness and magnetic anisotropy, K for nanoparticles
NM1, N12, N22, N21 and NM2

Biogenic  Hc Ms Mr Mr/Ms Kx10®
Sl. No. NPs (Oe) (emu/g)  (emu/Q) (emu/gt)
1 NM1 118 0.037 0.002 0.054 0.005
2 N12 (1:2) 101 0.061 0.004 0.066 0.007
3 N22 (1:1) 129 0.133 0.005 0.038 0.018
4 N21 (2:1) 126 0.019 0.0009 0.047 0.003
5 NM2 132 0.416 0.059 0.142 0.059

4.3 Conclusions

In summary, a productive synthesis of biogenic CuO/NiO (Cu*?:Ni*%; 1:2, 1:1 and 2:1)
nanoparticles through green solution combustion route has been done. XRD analysis
confirms that the crystal structure of the synthesized nanoparticles consists of monoclinic
CuO along with cubic NiO lattice. UV-Vis study confirms that the band gap of mixed
nano-oxides vary from 2.19 to 2.49 eV for N12, N22 and N21 nanoparticles. SEM images
reveal that the particle size of N22 is 35 nm that is supported by XRD crystallite sizes.
EDS spectra confirmed the presence of only Cu, Ni, C, N and O and there are no other
detectable impurities. XPS spectra majorly confirms the presence of +2 oxidation state
for Cu and +2 oxidation states for Ni. VSM result concludes that the Ms and Hc values
increase with nickel ratio while Mr value decrease. Overall, among all the mixed oxides
nanoparticles, N22 nanoparticles show more homogenous lattice arrangement leading to
high surface area (11.2 m?/g). N12, N22 and N21 show interesting magnetic behaviour

as ferro, para to ferro and para to superconductive transitions respectively. The
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information presented at this point leads to the conclusion that these green nanoparticles
have remarkable magnetic and structural characteristics, which can be exploited in a

variety of applications, particularly in the healthcare sector.

“By establishing how compositional variations alter physicochemical and functional
properties, Chapter 4 provides critical insights into the material behavior of biogenic
nanoparticles with their exceptional biological applicability owing to their soft magnetic
behaviour. To translate these findings into practical biological outcomes, the next
chapter evaluates their antimicrobial efficacy against pathogenic microorganisms and

provides mechanistic insights through molecular docking studies. ”
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CHAPTER 5

Evaluation of broad-spectrum
antimicrobial efficacy of biogenic
NiO/CuO nanocomposite: In vitro, Iin
silico, and molecular docking approach?

Building upon the structural and surface-chemistry findings discussed in Chapter 4, this
chapter examines the antimicrobial potential of biogenic NiO/CuO nanocomposites. The
objective is to correlate physicochemical characteristics with biological performance
through experimental assays and molecular-docking analyses.

This chapter is adapted from: Evaluation of broad-spectrum antimicrobial efficacy of
biogenic NiO/CuO nanocomposite: In vitro, in silico, and molecular docking approach.
Biomass and Bioenergy, 208, 108882. https://doi.org/10.1016/j.biombioe.2025.108882.

5.1 Introduction

Antimicrobial resistance (AMR) has emerged as one of the most formidable challenges
confronting global public health in the 21% century, fundamentally compromising the
therapeutic efficacy of conventional antibiotics and antifungals that have historically
served as cornerstones in combating infectious diseases. The WHO has categorically
identified AMR among the top ten critical global public health threats, with resistant
microbial infections directly contributing to prolonged morbidity, increased mortality
rates, and substantially elevated healthcare expenditures worldwide[250], [251]. The
phenomenon of antimicrobial resistance encompasses the inherent or acquired capability
of diverse microorganisms, including bacteria, fungi, viruses, and parasites, to survive
and proliferate despite exposure to antimicrobial agents that previously demonstrated
effective neutralization capabilities[252], [253], [254]. The escalating prevalence of

drug-resistant pathogens can be attributed to multifactorial determinants, predominantly

3 A manuscript based on this chapter has been published in Journal of Biomass and Bioenergy.
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including the widespread misuse and overuse of antibiotics in clinical healthcare settings,
excessive deployment in livestock production and agricultural practices, indiscriminate
environmental exposure to antimicrobial compounds, and inadequate infection
prevention and control measures[255].

Among the critical bacterial pathogens of clinical significance, Staphylococcus
aureus, particularly methicillin-resistant strains (MRSA), continues to be responsible for
severe life-threatening infections including sepsis, endocarditis, skin and soft tissue
infections, and hospital-acquired pneumonia[256]. Gram-negative enteric pathogens such
as Escherichia coli, Salmonella enterica, and Shigella flexneri represent major causative
agents of foodborne illnesses and gastrointestinal infections, with increasing
documentation of multidrug-resistant (MDR) strains exhibiting resistance to multiple
antibiotic classes[257], [258]. Fungal infections, despite being frequently underreported
and underdiagnosed in clinical practice, constitute a substantial threat to global health
security, with epidemiological data indicating that over 1.5 million individuals succumb
annually to fungal diseases from approximately 300 million documented infections
worldwide[259]. Agriculturally significant pathogenic fungi including Fusarium
oxysporum, Aspergillus flavus, and Aspergillus niger pose dual threats to human health
through opportunistic infections and global food security through devastating crop losses
and mycotoxin contamination[260], [261]. F. oxysporum, recognized among the top three
economically important plant pathogens worldwide, causes substantial agricultural losses
while infecting immunocompromised patients[262], [263]. A. flavus and A. niger produce
carcinogenic aflatoxins contaminating crops and stored commodities, causing billions in
economic losses annually and serious public health concerns[264], [265].

In response to these mounting concerns, there exists an urgent and critical need to

explore innovative, sustainable, and environmentally benign antimicrobial agents that
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demonstrate broad-spectrum efficacy against resistant microbial strains while
maintaining biocompatibility and ecological safety profiles. Nanotechnology has
emerged as a revolutionary and promising frontier in antimicrobial development, offering
unprecedented opportunities for combating resistant pathogens through novel
mechanisms of action. Among various nanomaterials investigated, metal oxide
nanoparticles have demonstrated exceptional potential attributed to their high surface
area-to-volume ratios, unique physiochemical properties, and distinctive ability to
interact with microbial cellular membranes, intracellular components, and essential
enzymatic systems [187], [266], [267], [268], [269], [270], [271], [272]. However,
conventional chemical synthesis methodologies for nanoparticle production typically
involve toxic reducing agents, expensive chemical precursors, harsh reaction conditions,
and environmentally hazardous procedures, significantly limiting their practical large-
scale applications, particularly in medical, agricultural, and environmental domains
[273], [274], [275].

Therefore, to address these significant limitations and promote sustainable
nanotechnology development, green synthesis approaches utilizing natural plant extracts
have gained substantial momentum and scientific interest as discussed in Chapter 2.
Moringa possesses an extraordinarily rich profile of bioactive compounds including
moringin, glucomoringin, glucotropaeolin, palmitic acid, quercetin, kaempferol,
isorhamnetin, antimicrobial peptides and numerous other pharmaceutically significant
molecules[276]. These naturally occurring compounds contribute additional
antimicrobial, antioxidant, and anti-inflammatory properties to the synthesized
nanomaterials.

This study utilizes the green synthesis of NiO/CuO mixed metal oxide nanoparticles

synthesized using Moringa oleifera leaves extract. The enhanced antimicrobial
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performance of CuO/NiO nanocomposites can be attributed to the synergistic interaction
between the two semiconducting metal oxides. The heterojunction interface facilitates
interfacial electron transfer while suppressing electron-hole recombination, thereby
promoting enhanced generation of reactive oxygen species (ROS). Simultaneously, the
controlled release of Cu?" and Ni** ions contributes to oxidative damage of microbial cell
membranes, proteins, nucleic acids, and essential intracellular enzymes. The
complementary redox characteristics of CuO and NiO therefore provide multiple
antimicrobial mechanisms, including membrane disruption, oxidative stress induction,
and enzyme inactivation, resulting in broader-spectrum antibacterial and antifungal
activity than that achieved by the individual metal oxides. Consequently, biogenic
CuO/NiO nanocomposites represent promising multifunctional antimicrobial materials
that combine enhanced biological efficacy with the environmental advantages of green
synthesis [85], [91], [92]. The NPs were prepared in two CuO:NiO ratios (1:2 and 2:1),
named as B12 and B21, respectively. CuO exhibits strong bactericidal activity via Cu?"
ion release, oxidative stress, and membrane disruption[277], while NiO demonstrates
broad-spectrum antibacterial and antifungal potential[278], [279]. However, their
strategic combination is expected to produce synergistic antimicrobial effects through
multi-target mechanisms and enhanced bioavailability, offering a sustainable and potent
alternative to conventional antimicrobials.

To the best of our knowledge, this is the first study to comprehensively evaluate the
antimicrobial efficacy of biogenically synthesized NiO/CuO nanoparticles using M.
oleifera leaves extract, supported by advanced physicochemical characterization and
molecular docking analysis. Although CuO and NiO nanoparticles have individually
demonstrated antimicrobial potential, their synergistic interaction in a mixed-metal oxide

system remains underexplored. However, this research aims to synthesize and
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characterize stable CuO/NiO nanocomposites and investigate their broad-spectrum
antimicrobial activity against bacterial and fungal pathogens. The nanoparticles were
synthesized through a green, sustainable combustion method and characterized using
advanced techniques such as Fourier-Transform Infrared Spectroscopy (FTIR), UV-
Visible Diffuse Reflectance Spectroscopy (UV-DRS), powder X-ray diffraction (PXRD)
for phase and crystallinity analysis, and Field Emission Scanning Electron Microscopy
(FE-SEM) and High-Resolution Transmission Electron Microscopy (HR-TEM) for
morphological and elemental evaluation. Furthermore, molecular docking simulations
were employed to elucidate the underlying antimicrobial mechanisms of the synthesized
nanoparticles by targeting essential microbial enzymes, providing mechanistic insights
into their mode of action and addressing the escalating challenge of antimicrobial
resistance through innovative, non-antibiotic strategies. The outcomes not only highlight
the potent and broad-spectrum antimicrobial behavior of CuO/NiO nanocomposites but
also underscore their promise as eco-friendly alternatives for biomedical and agricultural

applications.

5.2 Results and Discussion

5.2.1 In Silico Drug-Likeness study of M. oleifera

M. oleifera is a multipurpose medicinal plant known for its diverse pharmacological
properties. Historically, M. oleifera has been employed in the treatment of infections,
bronchitis, and fever, owing to its antimicrobial, immunomodulatory, and anti-pyretic
effects [280]. To evaluate their oral bioavailability and therapeutic potential, the
identified phytochemicals were converted into SMILES (Simplified Molecular Input
Line Entry System) format and assessed using the SwissADME tool. This platform
enables in silico screening of key ADME (absorption, distribution, metabolism, and

excretion) parameters and evaluates compliance with Lipinski’s Rule of Five, a well-

117



established framework for predicting drug-likeness. According to Lipinski, drug
candidates are more likely to be orally active if they possess a molecular weight under
500 Daltons, have no more than 5 hydrogen bond donors and 10 hydrogen bond
acceptors, and a log P (octanol-water partition coefficient) value not exceeding 5.
Additionally, a total polar surface area (TPSA) under 140 A2 is preferred for optimal
membrane permeability.

In silico screening revealed that most of the phytochemicals complied with Lipinski’s
parameters, indicating favourable oral bioavailability. Notably, all compounds except
epigallocatechin and rutin passed all five criteria, while ferulic acid and p-coumaric acid
showed potential to cross the blood-brain barrier, as reflected in Table 5.1. (Figure Al1).
These findings suggest the phytocompounds’ potential for systemic delivery without
central nervous system (CNS) effects, which can be advantageous or limiting depending
on the intended therapeutic target.

Table 5.1 Drug-likeness predictions of leaves extract phytoconstituents computed by
SwissADME

Rotata H-bond - i Lipinsk  ppp
Mol. bond TPS
Component ble accepto log . ... permea
Wi. dono A violatio
bonds rs P nt
rs ns
Vanillic acid 1f58 2 4 2 6%7 14 0 NO
Protocatechu  154. 777 0.6
ic acid 12 1 4 3 6 & 0 No
p-Coumaric 164. 575 09 0 Yes
) 2 3 2 3 5
acid 16
L 194. 66.7 1.6
Ferulic acid 18 3 4 2 5 5 0 Yes
) 286. 111. 1.8
Luteolin 24 1 6 4 13 5 0 No
) . 180. 77.7 0.9
Caffeic acid 16 2 4 3 5 7 0 No
286. 111.
Kaempferol 24 1 6 4 13 1.7 0 No
Epigallocatec  306. 130. 0.9
hin 27 1 ! 6 61 8 1 No
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302 131. 1.6

Quercetin 24' 1 7 5 36. 3 0 No
Rutin 6 16 10 3 No

The antimicrobial activity of these phytochemicals is further enhanced when utilized in
nanoparticle formulations. The conjugation of these plant-based compounds with metal
oxide nanoparticles not only improves their stability and bioavailability but also increases
their ability to disrupt microbial membranes, inhibit enzyme functions, and generate
reactive oxygen species (ROS). The biosynthesized nanoparticles thus act synergistically
with the plant-derived compounds, providing a multifaceted mechanism of action against
a broad spectrum of pathogens.

Therefore, M. oleifera holds immense potential as a sustainable source of bioactive
compounds for the synthesis of effective antimicrobial nanomaterials. Its phytochemical
richness, coupled with favourable pharmacokinetic profiles and synergistic activity with
nanoparticles, positions it as a promising candidate for advanced antimicrobial

therapeutics.

5.2.2 Characterizations of Biogenic NiO/CuO NPs
5.2.2.1 FTIR Analysis

Functional group analysis of ethanolic extract and NiO/CuO nanoparticles synthesized as
described in chapter 2 is plotted in Figure 5.1A. The broad absorptions in region I, from
3500-3200 cm! for extract, confirm the existence of H-bonded O-H groups, whereas a
higher shift in broadness for B12 and B21 is observed due to the presence of free O-H
groups. The antimicrobial activity is highly influenced by the position of hydroxyl
groups. The receptor proteins of cells strongly bind with the mildly acidic functional
groups like -COOH. Twin peaks in region Il confirm the presence of -CH, and -CHs
stretching vibrations in alkanes, where a shift is again observed for metal oxide

nanoparticles. A cluster of peaks in region Il for extract denotes the presence of C=0
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linkage in ester or aldehyde, -CH2/-CHzs bending, C-O of ester/alcohol/acid/ether, and C-
H bending of benzene derivatives, respectively. Additionally, peaks in region 11l for B12
and B21 denote the existence of C-O stretch, C=C stretch, and C-H bending vibrations
(active sites, Figure 5.1B). Noticeably, strong metal-O peaks are present for B12 and B21,
while they are absent in the extract. Alkyl substitution in aromatic rings enhances the
activity by the formation of radicals. Moreover, conjugated unsaturated bonds interact
with ion channel proteins of microbes via electron transfer interactions and play a vital

role in antimicrobial activity[281].
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Figure 5.1: (A) FTIR spectra for B12, B21, and Moringa leaves extract and (B) Phenolic
acids and polyphenols of Moringa oleifera indicating active sites for antimicrobial
reactivity. Red circles indicate hydroxyl groups generating phenoxide radicals, and blue
lines indicate chelating sites.

5.2.2.2 UV-DRS Analysis

Figure 5.2 depicts the DRS spectra of B12 and B21 nanoparticles, both displaying the
absorption maxima at 284 nm, along with a hump at 440 nm. The phenomenon of surface
plasmon resonance exhibited by nanometal oxides triggers a synchronized oscillation of
delocalized electrons of the conduction band when hit by the electromagnetic radiation,
resulting in the metal-specific absorption peaks. The broadening of peaks after 400 nm is
indicative of agglomeration, with B12 showing higher agglomeration. This is due to the
higher copper content in B12; the high surface energy of copper has led to the formation

of larger particles as compared to nickel. Bakre and co-workers have recorded a similar

pattern for CuO-NiO-TiO2 nanocomposites[240].
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Figure 5.2: UV-DRS patterns of B12, and B21. Dashed line shows absorption maxima
for both the mixed oxides.

5.2.2.3 PXRD Analysis

The crystallinity and phase purity of both the mixed oxide nanoparticles, B12 and B21,
were investigated using powder XRD in Figure 5.3. Both the ratio contain a face-centered
cubic unit cell corresponding to NiO with an Fm-3m space group and a monoclinic lattice
structure for CuO, as confirmed by Xpert highscore software. For B12 and B21
nanoparticles, a comparison of peaks for CuO and NiO nanoparticles can be observed as
dotted lines. The variation in intensities of the peaks can be seen for B12 and B21 as the
ratio of CuO and NiO varies. In the pattern for B12, the hkl planes (111 and 111)
corresponding to CuO are predominant due to the presence of more copper content. On
the contrary, the hkl plane (200), corresponding to NiO, is predominant in B21. Also, the
planes (220) and (113) for NiO and CuO, respectively, merged in the form of twin peaks
in both the mixed oxides as highlighted by dashed circles. Additionally, the formation of

pure phases can be inferred due to the absence of any extra peaks.
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Figure 5.3: Powder-XRD patterns of B12 and B21 along with matched references for

NiO (Ref. ICSD-9866, red), CuO (Ref. ICSD-69758, black) (dashed line and circle show
mixing of peaks for both oxides)

5.2.2.4 FE-SEM and TEM Analysis

The morphological and elemental characterization of the green-synthesized B12 and B21
nanoparticles was carried out using FE-SEM, TEM, and elemental mapping techniques.
The SEM electron micrographs (Figure 5.4A-B) show well dispersed spherical and quasi-
spherical nanoparticles with slight agglomeration, revealing the size, morphology, and
distribution of the B12 and B21 nanoparticles. The TEM images (Figure 5.4C&D) show
a narrow size and uniform distribution for both the oxide nanoparticles with nearly
spherical and hexagonal shapes. It should be noted that spherical nanoparticles provide
the largest cellular uptake in terms of weight rather than quantity [282], which is helpful
in controlling dose. The corresponding EDS elemental mapping in Figure 5.4(E-L)
further verified the homogeneity and stability of particles with some bigger aggregates of
CuO in both B12 and B21 nanoparticles. This can be attributed to either the higher surface
energy of Cu and/or the magnetic nature of NiO. The mean particle sizes of 50 nm and
37 nm for B12 and B21 nanoparticles were calculated using ImageJ software. The lattice
spacings were also calculated as 0.20 nm and 0.23 nm for NiO (200) and CuO (111),

respectively.
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Figure 5.4: (A--B) SEM micrographs of B12 and B21 nanoparticles showing spherical
morphology with slight agglomeration, (C--D) TEM images confirming nanoscale size
and uniform distribution, (E--H) elemental mapping of B12 indicating the presence of Ni,
O, and Cu, and (I--L) elemental mapping of B21 confirming homogeneous distribution
of Ni, O, and Cu within the nanoparticles.

5.2.3 Antimicrobial Efficacy of Biogenic NiO/CuO Nanoparticles
5.2.3.1 Antibacterial Activity

The antibacterial efficacy of biogenic NiO/CuO NPs has been shown in Figure 5.5A and
5.5B. Among the treated groups, B12-250 (NiO/CuO in 1:2 ratio at 250 mg/mL) and B21-
250 (NiO/CuO in 2:1 ratio at 250 mg/mL) exhibited the highest zones (27 mm) of
inhibition against E. coli, representing an 8% increase compared to B12-100. This
significantly increase (P < 0.05) suggests enhanced antimicrobial potency with increased
CuO content and concentration, as CuO is known for potent ROS generation and
membrane penetration [240], [282]. Against S. flexneri, B12-250 showed a 20% increase
in inhibition zone compared to B12-100 (24 mm vs 20 mm), while B21 treatments
showed comparable or slightly reduced activity, implying the role of CuO dominance in
enhancing bactericidal effects. In the case of S. enterica, inhibition zones ranged narrowly

(13--15 mm), with B12-250 again showing the highest (15 mm), a 7.1% improvement
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over B12-100. Moreover, all treatments had moderate effects on S. aureus, with inhibition
zones between 12--14 mm. B12-250 showed a 16.7% increase over the baseline,
suggesting that Gram-positive strains may require higher or modified nanomaterial
exposure for optimal effect. The observed significant differences (P < 0.05, P < 0.01,
and P < 0.001) confirm the concentration and ratio dependent antimicrobial efficiency
of NiO/CuO NPs, corroborating earlier findings that nanoparticle formulation strongly
influences antibacterial outcomes [281], [283]. Furthermore, the agar plates (Figure 5.
5B) visibly support quantitative data, as larger clear zones were observed for higher
concentration treatments. The superior efficacy of CuO-rich treatments could be
attributed to its higher oxidative potential, cell wall destabilization, and interaction with
DNA and proteins [284]. NiO, on the other hand, is known to disrupt enzymatic activities
and induce cellular stress responses. The combination of both in optimal ratios appears
to offer a synergistic advantage, leveraging the redox activity of CuO and the protein-
binding affinity of NiO. This biogenic synthesis from M. oleifera extracts enhances
nanoparticle stability and bioactivity due to the presence of flavonoids and polyphenols,
which act as reducing and capping agents. Collectively, these results highlight the
promising potential of biogenic NiO/CuO nanoparticles as broad-spectrum antimicrobial
agents and justify further in vivo and mechanistic studies for clinical and agricultural
applications.

In continuation of previous findings, several recent studies have highlighted the potent
antimicrobial properties of metal-based nanoparticles synthesized through green
methods. A group of researchers developed lectin-functionalized cationic copper sulfide
nanoparticles with dual targeting capabilities and demonstrated their efficacy against
carbapenem-resistant Acinetobacter baumannii, underscoring the potential of Cu-based

nanomaterials in combating multidrug-resistant pathogens [285]. The effectiveness of
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citrus pectin-capped CuS nanoparticles in disrupting Candida biofilms was further
confirmed validating the broad-spectrum activity of copper-based nanoparticles [286].
These nanoparticles are known to induce oxidative stress by releasing metal ions inside
microbial cells, which impairs cellular processes and inhibits growth [287]. Similarly,
cerium oxide nanoparticles synthesized using M. oleifera leaf extract and demonstrated
strong antibacterial activity against E. coli, S. aureus, and P. aeruginosa [288]. Also, the
bactericidal activity of ZnO nanoparticles against multidrug-resistant strains reinforce the

significance of metal oxide nanoparticles as effective antimicrobial agents [289].
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Figure 5.5: (A) Antibacterial activity of biogenic NiO/CuO nanoparticles synthesized in
different ratios (B12 and B21) and concentrations (100 and 250 mg/mL) against four
pathogenic bacterial strains. Inhibition zones (mm) were measured using the agar well
diffusion method (mean + SD, n = 3) and (B) Images showing the zones of inhibition on
nutrient agar plates after treatment with the respective nanoparticle formulations against
the tested bacterial strains.
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5.2.3.2 Antifungal Activity

The antifungal efficacy of biogenically synthesized NiO/CuO NPs against different
fungal strains like F. oxysporum, A. flavus, and A. niger is illustrated in Figure 5.6A and
5.6B. The findings demonstrated a dose-dependent and treatment-specific antifungal
activity. Among the fungal strains, F. oxysporum exhibited the highest susceptibility,
with inhibition zones ranging from 20 mm (B12-100) to 25 mm (B21-250), followed by
A. niger (18-22 mm) and A. flavus (13-17 mm). The increase in inhibition zone from B12-
100 to B21-250 was statistically significant (P < 0.001), suggesting potent antifungal
effects due to higher nanoparticle concentration and altered metal ratios. Notably, B21-
250 exhibited the highest antifungal activity across all strains, showing a 25%, 30.7%,
and 22.2% increase in inhibition against F. oxysporum, A. flavus, and A. niger,
respectively, compared to B12-100.

This enhanced antifungal activity of B21-250 could be attributed to the synergistic
interplay between Ni and Cu ions in a 2:1 ratio, resulting in higher reactive oxygen
species (ROS) generation, improved metal ion release, and effective disruption of fungal
membranes [290]. Moreover, biogenic synthesis using Moringa oleifera extracts enriched
the nanoparticles with phytochemicals such as flavonoids, terpenoids, and phenolic acids,
which may have enhanced the interaction with fungal cells and increased their oxidative
stress [291]. The visible zone formation in Figure 5.6B validates the quantitative results,

where B21-250 showed more distinct and wider inhibition halos.
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Figure 5.6: (A) Antifungal activity of biogenic NiO/CuQO nanoparticles at different ratios
(B12 and B21) and concentrations (100 and 250 mg/mL) against fungal strains. Inhibition
zones (mm) were determined using the agar well diffusion method (mean + SD, n = 3)
and (B) Photographic representation of fungal inhibition zones on PDA plates for
respective treatments.

Statistical significance was confirmed using Duncan’s multiple range test, showing
distinct letters (a, b, ¢) indicating P < 0.05, P < 0.01, and P < 0.001 levels. The results
align with prior reports where metal oxide nanoparticles showed excellent antifungal
properties due to their nanoscale penetration ability, generation of intracellular ROS, and
inhibition of spore germination [292]. The superior efficacy of Cu-rich (B12)
formulations, particularly at 250 mg/mL, against A. flavus suggests specific susceptibility
of this strain to Cu-based oxidative and membrane-disruptive mechanisms [293].

These findings support the application of green-synthesized bimetallic nanoparticles

as sustainable antifungal agents in agricultural and biomedical sectors, with metal ratio
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and dosage playing critical roles in determining efficacy. The enhanced activity of
nanoparticles is because of their high surface-to-volume ratio [294]. Cu NPs are known
for antifungal activity by inhibiting ergosterol production. In research, Cu NPs confirmed
inhibitory effects against A. niger, A. flavus, C. albicans, and C. glabrata. M. oleifera
leaves were also utilized for the synthesis of nanoparticles using cerium oxide, exhibiting
antifungal activity against C. albicans and A. fumigatus [295]. The exact mechanism
underlying the antifungal activity is still unclear; however, it is largely attributed to
electromagnetic interactions and ROS generation, and these in turn lead to oxidative
damage to lipids [296], causing denaturation of cell permeability leading to cell

death[297].

5.2.3.3 Evaluation of Time-Dependent and Species-Specific Microbial Inhibition

The antimicrobial efficacy of biogenic NiO/CuO nanoparticles demonstrated distinctive
time-dependent and species-specific inhibitory characteristics across bacterial and fungal
strains throughout the 6-hour experimental duration, revealing significant variations in
microbial susceptibility patterns (Figure 5.7). Among the bacterial strains examined, E.
coli (Figure 5.7A) exhibited progressive growth inhibition reaching 16-18% reduction at
6 hours with statistical significance (P < 0.05), attributed to enhanced reactive oxygen
species generation facilitated by elevated nanoparticle concentrations and their bioactive
potential [293]. S. flexneri (Figure 5.7B) demonstrated comparable inhibitory responses
initiating at 4 hours (P < 0.01) and achieving approximately 20-25% growth suppression
by 6 hours, while the moderate resistance observed in these gram-negative bacteria can
be attributed to lipopolysaccharide-mediated cellular protection mechanisms that
partially shield against nanoparticle penetration [286], [298]. S. enterica (Figure 5.7C)
presented the most pronounced bacterial susceptibility with substantial growth inhibition

of 26-32% at 6 hours (P < 0.001), reflecting the heightened sensitivity of Salmonella
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species to nanoparticle-induced oxidative stress and their enhanced vulnerability to
copper-mediated cellular damage through cavity formation in cell walls and disruption of
bacterial protein mechanisms [299], [300], [301]. S. aureus (Figure 5.7D), representing
gram-positive bacteria, displayed moderate growth inhibition of 15-25% at 6 hours (P <
0.001), potentially due to robust antioxidant defense mechanisms that effectively mitigate
nanoparticle-mediated damage through cellular protective pathways [302].

Fungal strains exhibited markedly enhanced sensitivity to nanoparticle treatments
compared to bacterial counterparts, with F. oxysporum (Figure 5.7E) demonstrating
remarkable growth inhibition of 35-40% at 6 hours with high statistical significance
(P<0.001), attributed to increased permeability of fungal hyphae facilitating nanoparticle
penetration and subsequent disruption of essential metabolic pathways and cell wall
integrity [303]. Similarly, A. niger (Figure 5.7F) and A. flavus (Figure 5.7G) exhibited
dramatic inhibitory responses reaching 38-40% inhibition at 6 hours (P<0.001), with
their heightened susceptibility resulting from nanoparticle-induced structural disruptions
in fungal cell walls through mechanisms involving chitin and B-glucan breakdown
processes [304], [305]. The superior antimicrobial performance of copper-rich
formulations suggests crucial roles for copper ions in enhancing antimicrobial activity
through increased surface contact with bacterial lipid membranes promoting copper ion
dissolution and subsequent toxicity enhancement [306], [307]. The Moringa oleifera-
mediated synthesis produced smaller NiO nanoparticles (<50 nm), with particle size
playing crucial roles in antibacterial activity enhancement, as Ni** ions released from NiO
nanoparticles infiltrate cell walls causing DNA, protein, and mitochondrial damage while
interrupting electron transport and inducing apoptosis through membrane permeability
variations and protein leakage [308], [309], [310]. These progressive, cumulative

nanoparticle-cell interactions ultimately resulted in membrane damage, oxidative stress,
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and microbial cell death through well-documented mechanisms involving reactive

oxygen species generation, protein denaturation, and enzymatic dysfunction, establishing

biogenic NiO/CuO nanoparticles as potent antimicrobial agents suitable for biomedical

and agricultural applications [311].
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Figure 5.7: Growth inhibitory kinetics of microbial strains treated with biogenic
NiO/CuO nanoparticles (B12-100, B12-250, B21-100, B21-250) at 2, 4, and 6 h,
measured at 540 nm: (A) E. coli, (B) S. flexneri, (C) S. enterica, (D) S. aureus, (E) F.
oxysporum, (F) A. niger, and (G) A. flavus. Data are mean £ SD (n = 3). Statistical
significance: *P < 0.01; **P < 0.001. Different letters indicate significant differences at
P <0.05.

5.2.4 Molecular Docking and Interaction Analysis

Molecular docking simulations were employed to investigate the antimicrobial
mechanisms of biogenically synthesized nickel oxide (NiO) and copper oxide (CuQO)
nanoparticles against essential microbial enzymes, addressing the escalating threat of
antimicrobial resistance through innovative therapeutic approaches beyond conventional
antibiotics[312]. Two strategically important enzymes were selected as molecular targets:
B-ketoacyl-acyl carrier protein synthase IlIl (FabH) from Escherichia coli, which
catalyzes the initial condensation reaction in bacterial fatty acid biosynthesis and serves
as a critical determinant of membrane integrity and cellular viability, and chitin synthase
from Fusarium oxysporum, a key enzyme in fungal cell wall biosynthesis that catalyze
the polymerization of N-acetylglucosamine into chitin[313], [314]. The conservation of
FabH across bacterial species and its essential role in membrane lipid homeostasis
position it as an attractive target for broad-spectrum antibacterial development, while
chitin synthase represents a validated antifungal target due to its role in maintaining

fungal structural integrity[315], [316]. Hence, binding mode estimation between CuO and
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NiO NPs and B-ketoacyl-acyl carrier protein synthase 111 (FabH) plays a significant role
in bacterial to fatty acid bioavailability in Escherichia coli[317], and chitin synthase is
responsible for fungal cell wall synthesis[318]. Molecular docking simulations revealed
significant differences in binding affinities between the tested nanoparticles (Table 5.2),
with NiO demonstrating superior binding interactions exhibiting binding energies of -5.5
kcal/mol with FabH and -4.6 kcal/mol with chitin synthase, compared to CuQO's weaker
binding affinities of -3.4 kcal/mol and -3.1 kcal/mol for FabH and chitin synthase,
respectively [277], [319]. The superior performance of NiO can be attributed to the
distinctive properties of nickel ions, particularly the smaller ionic radius of Ni*" which
facilitates deeper penetration into enzyme active sites, and enhanced metal-ligand
coordination capabilities that enable formation of more stable protein-nanoparticle
complexes compared to copper-based systems [320].

Table 5.2 Results of molecular docking interaction of CuO and NiO with target proteins
in E. coli and F. oxysporum

Nanoparticles Test organisms Targets Binding energy
(kcal/mol)
CuO E. coli B-ketoacyl-acyl carrier -3.4
protein synthase 111 (FabH)
F. oxysporum Chitin synthase -3.1
NiO E. coli [B-ketoacyl-acyl carrier -5.5

protein synthase Il (FabH)

F. oxysporum Chitin synthase -4.6

Three-dimensional visualization analysis revealed that NiO nanoparticles adopt
compact conformational arrangements allowing deeper insertion into enzyme binding
pockets with extensive interaction with catalytically critical amino acid residues, while
CuO nanoparticles exhibited more superficial binding patterns with limited active site

penetration (Figure 5.8A and 5.8B). The molecular docking results provide mechanistic
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explanations for observed antimicrobial activities, where NiO nanoparticles' strong
binding affinity to FabH suggests effective disruption of fatty acid biosynthesis,
compromising bacterial membrane synthesis and leading to growth arrest or cell death,
while binding to chitin synthase interferes with chitin polymerization, compromising
fungal cell wall integrity and promoting cellular lysis[321]. The dual mechanism of action
combining physical membrane damage with specific enzymatic inhibition explains the
enhanced antimicrobial efficacy observed in biological assays, offering a multi-target
approach that reduces the likelihood of resistance development compared to single-target
conventional antibiotics [322]. The correlation between computational predictions and
experimental antimicrobial results validates the utility of integrated research approaches
in nanoparticle development, providing molecular-level insights that support mechanism-
based antimicrobial strategies and cost-effective preliminary screening for nanoparticle
optimization. This molecular docking investigation demonstrates the superior
antimicrobial potential of biogenically synthesized NiO nanoparticles compared to CuO
variants, where stronger binding affinities and deeper active site penetration correlate
with enhanced biological activity against both bacterial and fungal pathogens, offering
promising broad-spectrum antimicrobial activity through targeting conserved essential
enzymes involved in fatty acid biosynthesis and cell wall formation, ultimately providing
valuable mechanistic insights for rational nanoparticle design and optimization in

combating antimicrobial resistance [323].

134



A) E. coli

NiO

B) F. oxysporum

Figure 5.8: Molecular docking interactions of biogenic NiO and CuO nanoparticles with
microbial enzymes: (A) FabH from E. coli and (B) chitin synthase from F. oxysporum.
The left side depict CuO docking and the right-side show NiO interactions with their
respective enzyme targets. NiO nanoparticles exhibit deeper binding within the active site
pockets and form multiple interactions with catalytically essential residues, suggesting
stronger and more stable inhibitory potential. In contrast, CuO nanoparticles demonstrate
surface-level binding and reduced interaction density. The enzyme structures are
rendered in cartoon format (a-helices in red, f-sheets in cyan), with active site residues
highlighted and nanoparticle interactions shown as stick and surface representations.

5.2.4.1 Enzymatic Mechanisms of Action: FabH & Chitin Synthase

The enzymatic mechanisms (Figure 5.9) of action for FabH (B-ketoacyl-ACP synthase
I11) and chitin synthase represent critical pathways in microbial metabolism that serve as

potential targets for antimicrobial intervention. FabH catalyze the initiation of fatty acid
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biosynthesis through a three-step mechanism beginning with substrate binding, where
acetyl-CoA (C23H3sN-O17P3S) and malonyl-ACP bind to the enzyme active site, followed
by a condensation reaction in which FabH catalyze the Claisen condensation of acetyl-
CoA with malonyl-ACP, ultimately producing acetoacetyl-ACP (C4+-ACP) as the first
committed intermediate in bacterial fatty acid synthesis [324], [325]. This enzyme serves
as the primary determinant of fatty acid composition and is essential for bacterial
membrane formation, controlling cell envelope integrity and being critical for bacterial
survival and growth across both Gram-positive and Gram-negative species [326].
Similarly, chitin synthase operates through a three-step mechanism involving UDP-
GlcNAc (Ci7H27N3017P2) binding to the enzyme active site, followed by sequential
polymerization where GIcNAc units are added forming -1,4 glycosidic bonds, and
culminating in chitin chain formation that produces linear chitin polymer chains
[(CsHisNOs),] essential for fungal cell wall structure [315], [327]. The biological
significance of chitin synthase extends to synthesizing chitin for fungal cell walls,
maintaining structural integrity, controlling cell shape and morphology, and being
essential for fungal growth and reproduction, as these integral plasma membrane proteins
translocate the polymeric chitin product through the membrane during biosynthesis [328],

[329].
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FabH (f-ketoacyl-ACP synthase I1I) Chitin Synthase

Substrate Binding UDP-G1cNAc Binding
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the enzyme active site the enzyme aclive site
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FabH catalyzes the condensation Sequential addition of G1cNAc units
of acetyl-Co-A with malonyl-ACP forming B-1.4 glycosidic bonds
Chitin Chain Formation
gl Produces linear chitin polymer chains
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Figure 5.9: Enzymatic mechanisms of beta-ketoacyl-acyl carrier protein synthase IlI
(FabH) and Chitin Synthase highlighting substrate binding, product formation, and their
roles in bacterial lipid and fungal cell wall biosynthesis.

The antimicrobial mechanism of NiO/CuO nanoparticles involves disrupting these
enzyme functions by binding to active sites and preventing substrate access and catalytic
activity, with molecular docking studies revealing that NiO nanoparticles demonstrate
superior binding affinity and deep active site penetration with binding energies of -5.5
kcal/mol for FabH and -4.6 kcal/mol for chitin synthase, compared to CuO nanoparticles
which exhibit moderate binding affinity and surface-level interactions with weaker
binding energies of -3.4 kcal/mol and -3.1 kcal/mol for FabH and chitin synthase,
respectively, indicating that the smaller ionic radius and enhanced coordination

capabilities of Ni** facilitate more effective enzymatic inhibition and broader

antimicrobial efficacy against both bacterial and fungal pathogens.

5.3 Conclusion and Future Perspectives

This study successfully demonstrates the green synthesis of NiO/CuO bimetallic
nanoparticles using M. oleifera leaf extract, offering an eco-friendly, cost-effective, and

scalable approach for the development of broad-spectrum antimicrobial agents. The
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synthesized nanoparticles (B12 and B21) exhibited well-defined structural and
morphological features with particle sizes under 50 nm, confirmed by FTIR, UV-DRS,
PXRD, FE-SEM, and HR-TEM analyses. Their significant (P < 0.05) antimicrobial
efficacy was tested against multiple bacterial and fungal pathogens, revealing that CuO-
rich nanocomposites were more effective against Gram-negative bacteria, while NiO-rich
variants showed enhanced antifungal activity. The observed antimicrobial potential is
attributed to a synergistic interplay of Cu?" and Ni?* ions, reactive oxygen species (ROS)
generation, and structural disruption of microbial membranes. In addition to in vitro
assays, molecular docking simulations against FabH (E. coli) and chitin synthase (F.
oxysporum) provided mechanistic insights, indicating strong binding affinities of NiO
over CuO nanoparticles, supporting enzyme-targeted inhibition and validating the dual
antimicrobial mechanism.

Looking ahead, future research should aim to validate the antimicrobial potential of
NiO/CuO nanocomposites for different ratio through in-vivo studies, focusing on their
toxicity, biocompatibility, and pharmacokinetics. Developing encapsulation techniques
and surface functionalization could further improve their stability and targeted delivery
in biological systems. Beyond biomedical applications, incorporating these biogenic
nanomaterials in agricultural formulations could provide a sustainable approach to
controlling plant pathogens, offering an eco-friendly alternative for crop protection. Their
potential integration into wound dressings, surface coatings, and disinfectants also
presents exciting opportunities to broaden their clinical relevance. Overall, this study lays
a strong foundation for the development of phytogenic metal oxide nanoparticles as
effective, multi-target antimicrobial agents. It highlights the role of green
nanobiotechnology in addressing global challenges such as antimicrobial resistance and

promoting sustainable healthcare and agriculture.
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“The antimicrobial assays and docking simulations carried out in this work demonstrate
the dual functional potential of biogenic nanoparticles in both biomedical and
agricultural contexts. Together with previous physicochemical and agronomic findings,
these results form a comprehensive framework for understanding their multifunctionality.
The final chapter consolidates the key outcomes of this thesis and discusses future

research directions for advancing the application of green nanotechnology across

diverse fields .”

139



140



CHAPTER 6

Conclusions and Future Horizons

6.1 Summary of Key Findings

The present thesis has moved in an orderly way from conceptual development of the
synthesis of green nanomaterials, Chapter 1, through the design of experiments and
characterization, Chapter 2, agronomic and structural, Chapters 3 and 4, respectively, to
biological efficacy assessment, Chapter 5. These integrated studies collectively lead to a
coherent framework for sustainable, multifunctional mixed metal oxide nanoparticles
synthesized by plant-mediated green chemistry.

This chapter is aimed to conclude the findings of our research discussed in the thesis.
We summarize the key points of the investigation and the contribution made to highlight
the applicability and importance of multifunctional mixed metal oxide nanoparticles
(MMONS). We further add the possible research scope that may be carried out to enhance

this study.

6.1.1 Green Synthesis as a Sustainable Route

o The research successfully demonstrated the eco-friendly and phytogenic
synthesis of mono-, bi-, and tri-metallic oxide nanoparticles (CuO, NiO, CoO, and
their composites) using Moringa oleifera leaf extract.

o Biocompatible  surface  chemistry  of  nanoparticles  from Moringa

oleifera functionalization
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This approach avoided the use of hazardous chemicals, minimized environmental
risks, and enhanced the value to phytoconstituents as natural reducing and

stabilizing agents.

6.1.2 Comprehensive Physicochemical Characterization

UPLC-PDA analysis identified ten major bioactive compounds in Moringa extract
responsible for nanoparticle formation and stabilization
A range of advanced tools such as XRD, FTIR, UV-Vis, HR-TEM, FESEM-EDX,

XPS, VSM, etc. confirmed nanoparticle formation, morphology, and stability.

6.1.3 Agricultural Applications and Soil Reclamation

Enhanced germination performance: Cu/Ni/Co oxide nanoparticle at 100 ppm
significantly enhanced okra germination parameters, with nT3 treatment showing
80% germination compared to 32% in control

Sustainable waste utilization: Successfully recycled agricultural wastes (rice
straw and pressmud) into value-added vermicompost enhanced with nanoparticles
Soil fertility improvement: Nano-based vermicompost increased NPK content by
21%, 60%, and 35% respectively compared to control treatments

Environmental safety: Toxicological studies confirmed environmental safety at
<100 ppm, highlighting concentration-dependent impacts on both earthworms and

soil health

6.1.4 Structure-Property Relationships

Compositional effects: CuO/NiO nanoparticles with 1:1 ratio (N22) exhibited
optimal properties including highest surface area (11.2 m?/g) and superior

crystalline quality
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o Magnetic behavior: Different Cu:Ni ratios resulted in distinct magnetic
behaviours - ferromagnetic (N12), paramagnetic to ferromagnetic transition (N22),
and paramagnetic to superconductive transition (N21)

o Size-dependent properties: Demonstrated inverse relationship between particle
size and coercivity (Hc), with smaller particles showing enhanced magnetic
saturation

o Soft Magnetic Behaviour: The negligible hysteresis loops in M-H plots for these

CuO/NiO nanoparticles make them highly suitable for biomedical applications

6.1.5 Broad Spectrum Antimicrobial Efficacy

o Multi-target antimicrobial action: NiO/CuO nanocomposites (B12 &
B21)showed significant antimicrobial activity against both Gram-positive and
Gram-negative bacteria, as well as pathogenic fungi outperforming monometallic
counterparts

o Concentration-dependent activity: Higher concentrations (250 mg/mL) showed
superior antimicrobial performance, with B12-250 and B21-250 exhibiting up to
27 mm inhibition zones against E. coli

o Inhibition Kinetics assessment: Progressive microbial growth inhibition observed
over 6 hours, with fungal strains showing higher susceptibility (35-40% inhibition)
compared to bacterial strains (15-32% inhibition)

o Computational binding studies: Mechanistic insights from molecular docking
studies revealed strong binding of Ni** (NiO) ions with microbial enzymes (FabH
in E. coli, chitin synthase in Fusarium oxysporum) compared to CuO, suggesting

dual mechanism (ROS generation + enzyme disruption)
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6.1.6 Eco-toxicological and Regulatory Awareness

o While acute toxicity was minimal at lower concentrations, higher nanoparticle
concentrations revealed risks to soil biota.
o These findings emphasize the necessity of dose optimization, regulatory

frameworks, and environmental monitoring before commercial application.
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Figure 6.1: Summary of key conclusions and future directions of the thesis.

6.2 Future Horizons

6.2.1 Functional Modifications

o More control over particle size, surface area, and agglomeration using organic
templates (like, waste derived cellulose)
o Surface functionalization of biogenic nanoparticles with specific plant

phytoconstituents, peptides, or biopolymers could enhance their applicability

6.2.2 Use of AI-ML for Predictive Nanotechnology

o Optimize synthesis parameters (e.g. temperature and concentration) for desired

nanoparticle properties using Al/ML algorithms
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o Predict biological interactions (like, NPs—phytoconstituent; NPs—NPs; NPs—
enzyme) by training data driven models to reduce trial-and-error studies

o Cut costs and time by minimizing experimental runs(for instance, using Response
Surface Methodology)

o Align nanoparticle design with targeted applications (agriculture, medicine, energy,

environment)

6.2.3 Advancement in Agriculture

o Multi-season, field-level studies across different agro-climatic zones are needed to
validate the fertilizer efficiency for long term impact on soil microbial diversity.
o Standardized international protocols should be developed for nanoparticle

application in agriculture, ensuring both responsible use and environmental safety

6.2.4 In Vivo and Clinical VValidation

o Extend antimicrobial trials beyond in vitro studies to include animal models and
clinical validation, assessing detailed pharmacokinetics, biodistribution, and long-
term toxicity studies.

o Develop plant phytoconstituent based coatings or encapsulation systems for

controlled release in therapeutic applications.

6.2.5 Molecular Level Mechanistic Studies

o Employ transcriptomics, proteomics, and metabolomicsto unravel plant and
microbial responses to nanoparticle exposure.
o These studies will help design nanoparticles that maximize benefits while

minimizing unintended ecological consequences.
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6.2.6 Policy, Regulation, and Commercialization Pathways

o Develop eco-regulatory guidelines for nanoparticle use in agriculture, healthcare,

and consumer products.

o Promote cost-effective scale-up technologies to make phytogenic nanoparticles

competitive with synthetic analogues.

o Encourage public engagement and farmer training to build trust in

nanobiotechnology-driven solutions.
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Appendix A

Text Al. Preparation of Vermicompost

Earthworms Eisenia fetida (procured from BNS Organics, Lucknow, India), cow dung
(sourced from a nearby village), and pressmud (collected from Kisan Sahkari Sugar
Mills LTD, Sultanpur, India) were pre-stabilized for 20 days prior to initiating pre-
composting. Before the experiment, the earthworms were acclimatized to cow dung in a
culture medium. The vermicomposting experiment was carried out in plastic containers
with dimensions of 30 cm in diameter and 30 cm in depth. Four feedstock mixtures
were prepared using cow dung as the control, along with rice straw (chopped into 46
mm pieces) and pressmud, in the following ratios: TO (cow dung, CD, dry weight,
control), T1 (CD + rice straw, RS, 1:1), T2 (CD + pressmud, PM, 1:1), and T3 (CD +
RS + PM, 1:1:1). Each feedstock combination, weighing 2.0 kg (dry weight), was
placed in a vermibin and stocked with 30 earthworms (E. fetida, 200 £ 2.7 mg). The
feedstocks were maintained at an ambient room temperature of 26°C for 75 days, with
moisture levels regulated between 65—-70% through regular misting. No additional feed
was provided during the experiment. The samples were collected from each feedstock at
the end of the vermicomposting process (day 75). Mature vermicompost, free from
earthworms and cocoons, was harvested after 75 days for subsequent application
involving nanoparticles.

Table Al. List of FTIR vibration frequencies and XRD 2Theta values with planes for
the biogenic TMONSs

Wavenumber (cm-t) Vibrations

3500 O-H bending

2923 and 2849 C-CHs and C-CHj stretching
1715 Aliphatic ketone

1516 and 1640 C=0 stretching for amide | and amide 11

1355 and 1373 C-CHz and C-CH; bending
1088 C-0 linkage

Beyond 700 Metal-O bond

Degree (2theta) Planes  Degree (2theta)  Planes

32.54° (110) 66.29° (022)
35.56° (002) 68.17° (311)
38.77° (111) 37.18° (111)
48.74° (-020) 43.12° (200)
53.53° (020) 62.88° (220)
58.37° (202) 75.24° (311)
61.56° (113) 79.23° (222)
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Figure Al: EDAX analysis for the confirmation of presence of Cu, Ni, Co, C, N, and O
elements in TMONs and elemental mapping.
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Table A2. Initial chemical characteristics of the cow dung (CD), rice straw (RS) press
mud (PM)and Soil (Mean £ SE, n=3)?,

Parameters  Cowdung? Ricestraw?® Pressmud?®  Soil?

pH 8.34 +0.4% 85+0.3 7.03+0.1° 9.03 +£0.6°
EC (dSm™) 9.89 + 0.6 3.78 £0.12 4.77 £0.42 4.77 £ 0.4%
TOC (%) 38.74+24° 7.50£0.8° 20.00+£1.2> 4151 +4.3°
N (%) 1.18 +0.1° 0.72+0.12 1.98£0.2° 0.75+0.1°
P (%) 0.13+0.1° 0.05+ 0.1% 0.33+0.12 0.03 £ 0.0
K (%) 1.28+0.2° 059+0.2° 051+0.1° 0.07+0.0°
CIN 33+1.2° 11+2.4° 10+£1.7° 56 + 5°
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Figure A2: SEM analysis of produced vermimanure blended with TmONSs.

TO, Vermimanure (cow dung) without TmONs; nTO; Vermimanure (cow dung)
with TmONs; nT1; Vermimanure (CD + RS) with TmONSs; nT2; Vermimanure
(CD + PM) with TmONs; nT3, Vermimanure (CD + RS + PM) with TmONSs.
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TO, Vermimanure (cow dung) without TmONs; nTO; Vermimanure (cow dung) with
TmONSs; nT1; Vermimanure (CD + RS) with TmONs; nT2; Vermimanure (CD + PM)
with TmONSs; nT3, Vermimanure (CD + RS + PM) with TmONSs.

Figure A3: Mapping of produced vermimanure blended with TmONS.
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Figure A4: Final mortality (%) after 21 days across treatments. Bars represent Mean +
SE (n = 3). Different letters indicate statistically significant differences among treatments
(p <0.05)
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Figure A5. Correlation matrix of physicochemical and biological parameters of
vermicompost treated with TmONSs, showing Pearson coefficients, adjusted R2, regression
lines, and confidence ellipses.

The correlation matrix shown above were used to investigate the interaction of TmONs
with the physicochemical and biological parameters of vermicompost. Figure displays a
scatter matrix plot incorporating Pearson correlation coefficients, adjusted R? values,
confidence ellipses, and regression lines for key parameters including pH, EC, TOC, C/N
ratio, G%, SVI, MGT, and CVG. The analysis revealed a strong negative correlation
between the C/N ratio and biological indices SVI (r = -0.83), G% (r =-0.79), and CVG
(r =-0.88) suggesting that lower C/N values, indicative of more complete organic matter
decomposition, significantly enhance germination and seed vigor, likely due to improved
nutrient availability and microbial activity. EC exhibited a moderate positive correlation
with germination parameters, implying that higher ionic strength may support early
seedling development. Although pH showed only a weak correlation with biological
traits, it remained within an optimal range (~7.3-8.5), contributing to stable microbial
and enzymatic activity.
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Figure A6. Heatmap showing the variation in these parameters across treatments (TO,
nTO, nT1, nT2, nT3), where warmer colours represent higher intensities, highlighting the
response of biological indices (G%, MGT, CVG) in relation to the underlying
physicochemical characteristics.

The heatmap analysis provides valuable insight into the response of key vermicompost
parameters to increasing concentrations of TmONSs, where warmer tones denote higher parameter
values. Notably, germination percentage (G%) exhibited a consistent and pronounced increase
from the control (TO) through to the highest treatment (nT3), highlighting the positive influence
of TmONs on seed germination. This enhancement may be attributed to improved nutrient
bioavailability, stimulation of beneficial microbial activity, or the catalytic breakdown of organic
matter, all of which are known to support early plant development. Interestingly, while
germination rates improved, parameters such as MGT and CVG remained largely unchanged,
suggesting that TmONSs enhance germination efficiency without affecting its timing or uniformity.
In terms of physicochemical properties, parameters including TOC, C/N ratio, EC, and pH
showed minimal fluctuations across treatments. This indicates that the introduction of TmONs
did not negatively impact the chemical balance of the vermicompost, maintaining a stable
environment conducive to microbial activity and nutrient cycling. The stable C/N ratio also
suggests sustained organic matter decomposition and compost maturity. These findings
collectively support the hypothesis that biogenic TmONs can improve the biological quality of
vermicompost without compromising its chemical integrity, making them promising agents for
soil amendment in sustainable agriculture.
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Table A3. Calculation of chlorophyll content in dried leaves of okra plant of all
treatments

Treatments | Absorbance Absorbance Chl. a Chl. b Total Chl.
663 nm 645 nm (mg/mL) (mg/mL) (mg/mL)
TO 0.386 0.122 4,578 0.978 5.555
nTO 0.577 0.173 6.858 1.269 8.125
nTl 0.895 0.287 10.595 2.377 12.969
nT2 0.812 0.363 9.337 4515 13.849
nts 1.210 0.511 13.987 6.041 20.023

The preserved leaves were crushed in a mortar with 80% acetone to extract
chlorophyll. The homogenate was filtered using a filter paper to remove debris, collecting
the clear extract. The extract was diluted for UV-measurements in visible range. The
absorbance values were recorded and the total chlorophyll content was calculated
according to the given formulas in mg/mL.:

Chl a = 12.7 X A663 - 2.69 X A645
Chlb = 229 X A645 — 4.68 X A663
Total (Chl a + ChlLb) = 20.2 X Agys + 8.02 X Ages

The results show highest chlorophyll content in leaves in the treatment nT3
(CD+PM+RS) as compared to other treatments and control, indicating better
photosynthesis which was evident by highest germination in nT3 treatment.

TO, Vermimanure (cow dung) without TmONSs; nTO; Vermimanure (cow dung) with
TmONSs; nT1; Vermimanure (CD + RS) with TmONs; nT2; Vermimanure (CD + PM)
with TmONSs; nT3, Vermimanure (CD + RS + PM) with TmON:Ss.
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Figure A7: EDAX analysis of N22 nanoparticles.
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Figure A8: EDAX analysis of NMZ1nanoparticles.
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Figure A9: EDAX analysis of NM2 nanoparticles.
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Figure A10: Langevin function fitting for NM1 and NM2.
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