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Abstract: The convergence of nature and technology offers a promising path toward sustainable development.
The demand for eco-friendly and sustainable technologies has accelerated the advancement of green
nanotechnology, particularly in the synthesis of Ag and Au nanoparticles. Mangroves, with their rich
phytochemical profile and unique ability to adapt to harsh environments, serve as powerful bioreactors for
producing metallic nanoparticles. These biologically synthesized nanoparticles demonstrate notable
antimicrobial, catalytic, and environmental remediation properties, aligning well for green chemistry and
economy circular principles. Traditional nanoparticle synthesis methods often involve the use of toxic
chemicals and energy processes that cause environmental problems. Green synthesis using plant extracts,
microorganisms, and biopolymers, provides a stable environmentally friendly alternative. The green synthesis
of metal nanoparticles from bioresources derived from mangroves is explored in this review and it is based
on the economic substitutes and environmentally friendly methods  of traditional chemical and
physical methods. This study reviews the fundamentals, benefits, and latest developments in eco-friendly
methods for producing Au and Ag nanoparticles. It also highlights their potential applications in agriculture,
water treatment, medicine, environmental engineering, and sustainable industrial practices, demonstrating
their role in harmonizing technology with nature for a healthier environment.
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1. Introduction

Nanotechnology has significantly impacted many industries, from healthcare to environmental science, with
their unique properties of nanoparticles. Ag and Au nanoparticles are particularly interesting due to their
antimicrobial, catalytic, and optical abilities. Growing demand for sustainable and eco-friendly solutions has
increased interest in green nanotechnology, which combines environmental responsibility with nanomaterial
innovation (Ahmed et al., 2016). Among the various biological methods, plant based green synthesis is
distinguished as a promising and environmentally friendly alternative to traditional chemical and physical
methods because it is simple, affordable, and free of toxic chemicals (Iravani, 2011). Mangroves, a special
group of salt-tolerant intertidal plants, are increasingly seen as a renewable source of stabilizing and reducing
agents for nanoparticle production (Alongi, 2015). However, usuals methods of nanoparticle synthesis often
involve toxic reagents and energy-intensive processes that can pose health and environmental risks.

Mangrove species are well-adapted to harsh environmental conditions and produce a variety of secondary
metabolites such as flavonoids, phenolics, terpenoids, and tannins, which have strong capping and reducing
properties (Kathiresan & Bingham, 2001). These phytochemicals enable the biosynthesis of metal and metal
oxide nanoparticles—including gold, silver, zinc oxide, and iron oxide—at ambient conditions without
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hazardous reagents (Kalimuthu et al., 2008; Rajeshkumar & Bharath, 2017). The innovative concept of green
synthesis, inspired by biological mechanisms, offers a more eco-friendly and sustainable approach. It utilizes
natural reducing agents from plant extracts, fungi, algae, and bacteria, reducing harm and promoting
ecological balance. By adhering to green chemistry principles, green synthesis aims to decrease environmental
impact while improving the functional properties of nanoparticles (Ahmed et al., 2016).

Green synthesis of metal nanoparticles using mangrove extracts provides an eco-friendly method that also
offers biological benefits like antimicrobial, antioxidant, anticancer, and catalytic activities. These effects
result from the synergistic action of plant-based bioactive compounds and nanomaterial properties (Mittal et
al., 2013). Additionally, this method supports the United Nations Sustainable Development Goals (SDGs) by
encouraging clean production techniques, minimizing chemical waste, and aiding livelihoods tied to coastal
ecosystems (UN, 2015). Recently, nanotechnology has become a groundbreaking field, offering innovative
solutions in medicine, environmental protection, and industry. Among various nanomaterials, Ag and Au
nanoparticles are particularly notable due to their unique physical and chemical qualities, including large
surface areas, tunable optical features, and strong antimicrobial effects. However, traditional synthesis
techniques often depend on hazardous chemicals, consume excessive energy, and produce toxic byproducts,
raising environmental and health concerns.

In this field, the concept of "Harmonizing Nature and Technology" emphasizes the sustainable utilization of
mangrove biodiversity for the production of nanomaterials, ensuring conservation while unlocking new
opportunities in environmental remediation, water purification, healthcare, and agriculture (Khan et al., 2019).
To bridge the gap between ecological preservation and cutting-edge technology solutions for sustainable
living, it is imperative to investigate the phytochemical richness of mangroves for synthesis of nanoparticles.
By using abundant  natural resources  suchas  plant  extracts, microorganisms, and biopolymers
as organic stabilization and restoration agents, green synthetic methods emerge as new alternatives to useful
environments. By reducing waste, using less harmful chemicals, and promoting sustainable practices, this
method complies with the fundamental principles of green chemistry. This review delves into the fascinating
mechanisms, numerous advantages, and varied applications of Ag and Au nanoparticles synthesized through
environmentally and eco-friendly methods, shining a light on their pivotal role in fostering sustainable living
and a brighter future for our planet (Iravani, 2011).

2. Green Synthesis of Silver and Gold Nanoparticles

The green synthesis primarily relies on biological entities that act as capping, reducing, and stabilizing
agents during the formation of nanoparticle. Green synthesis involves three key components:

« Reducing agents (e.g., plant phytoconstituents, microbial enzymes)
o Stabilizing agents (e.g., proteins, polysaccharides)
e Solvent medium (preferably water or other eco-friendly solvents)

The major green synthesis methods include:

2.1 Plant-Based Synthesis

Plant based synthesis is one of the most predominantly studied green synthesis approaches due to its cost-
effectiveness, simplicity, and abundance of bioactive compounds. The Phytochemicals, including
flavonoids, alkaloids, tannins, terpenoids, and polyphenols acts as natural stabilizing and reducing
agents.

Mechanism:

1. Reduction: Metal precursors such as silver nitrate (AgNOs) or chloroauric acid (HAuCl) are
mixed with plant extracts, where phytochemicals donate electrons to reduce metal ions (Ag* or Au*")
to their zero-valent metallic state (Ag, Au).

2. Nucleation and Growth: Reduced metal atoms aggregate and form nanosized particles, which are
stabilized by bioorganic compounds in the extract (Kharissova et al., 2013).
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2.2 Microbial Synthesis
Bacteria, fungi, and algae serve as bio-factories for nanoparticle synthesis, offering precise control over
nanoparticle shape, size and morphology.

Mechanism:

e Microorganisms contain enzymes and metabolites that mediate nanoparticle formation via
intracellular or extracellular processes.

o Enzyme-mediated reduction of metal ions (e.g., nitrate reductase) leads to nanoparticle nucleation
and stabilization (Mittal et al., 2013).

2.3 Biopolymer-Assisted Synthesis

Biopolymers such as chitosan, starch, and alginate act as reducing and stabilizing agents, providing
biocompatibility and controlled release properties in biomedical applications. These methods improve the
sustainability of nanoparticle production by eliminating the need for toxic chemicals.

Mechanism:
The biosynthesis of nanoparticles from mangrove extracts generally involves three stages:

1. Activation Phase — Metal ions (Ag" or Au*") interact with phytoconstituents such as phenolic
compounds and flavonoids.

2. Nucleation Phase — The reduction of metal ions into the zero-valent metal atoms occurs via donation
of electrons from hydroxyl or carbonyl groups in the phytochemicals (Singh et al., 2018).

3. Growth & Stabilization Phase — Metal atoms aggregate to form the nanoparticles, which are capped
by plant metabolites to prevent aggregation and enhance functional properties (Rajeshkumar &
Bharath, 2017).

Key phytochemicals involved:

o Flavonoids & Phenolics — Act as strong reducing agents.
e Terpenoids — Stabilize nanoparticles by binding to the surface.
e Tannins — Provide antioxidant coatings.

Functional groups in biopolymers (e.g., hydroxyl, amine, carboxyl) interact with metal ions, reducing them
and controlling nanoparticle growth. This method enhances nanoparticle stability, biocompatibility, and
controlled drug release properties (Shankar et al., 2004).

3. Applications of Green-Synthesized Nanoparticles
3.1 Biological Activities of Mangrove-Derived Nanoparticles

1. Antimicrobial Activity: The silver nanoparticles which are synthesized from mangroves such as
Avicennia marina and Rhizophora mucronata exhibit a strong antibacterial activity against Gram-positive and
Gram-negative pathogens by disrupting the cell membranes and generating reactive oxygen species (Sharma
et al., 2009).

2. Antioxidant Activity: The presence of phenolic and flavonoid capping agents on mangrove-derived
nanoparticles enhances free radical scavenging activity, contributing to potential anti-aging and therapeutic
applications (Sundararajan & Gowri, 2011).

3. Anticancer Properties: Gold nanoparticles derived from mangroves have demonstrated selective
cytotoxicity against cancer cell lines, attributed to their ability to induce apoptosis via mitochondrial
dysfunction (Khan et al., 2019).
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4. Antifouling and Antibiofilm Activities: Nanoparticles from mangroves can prevent biofilm formation,
making them suitable for marine antifouling coatings and medical device protection (Kuppusamy et al., 2016).

3.2 Biomedical Applications

1. Antimicrobial Agents: The silver nanoparticles (AgNPs) exhibit a broad-spectrum of antimicrobial
properties, making them useful in wound dressings, coatings, and disinfectants.

2. Drug Delivery: The Gold nanoparticles (AuNPs) facilitate the targeted drug delivery due to their
biocompatibility and functionalization capabilities.

3. Cancer Treatment: AuNPs are widely used in photothermal therapy, where they are absorbing
light and converting it into heat to selectively destroy cancer cells.

4. Biosensing: AgNPs and AuNPs are used in diagnostic biosensors to detect pathogens and biomarkers
with high sensitivity (Singh et al., 2016).

3.3 Environmental Applications

o Water Purification: Green-synthesized AgNPs and AuNPs serve as effective nanocatalysts in
removing heavy metals, dyes, and pollutants from wastewater.

o Eco-Friendly Sensors: Nanoparticles are integrated into biosensors for detecting pollutants such as
lead, arsenic, and pesticides in water sources (Mariselvam et al., 2014).

3.4 Industrial and Energy Applications

o Catalysis: AgNPs and AuNPs act as sustainable catalysts in chemical reactions, reducing energy
consumption and toxic waste production.

e Green Electronics: The conductive properties of AgNPs are utilized in biodegradable circuits and
flexible electronics (Jeevanandam et al., 2018).

3.5 Applications in Sustainable Living

« Healthcare — Antimicrobial coatings, targeted drug delivery, cancer therapy, wound healing.

o Environmental Remediation- The purification of water through the photocatalysis method and
removal of heavy metals.

e Agriculture — Nano-fertilizers and pest control with reduced environmental impact.

« Renewable Energy — Catalysts in green energy production and storage systems.

4. Challenges and Future Perspectives
4.1 Challenges
Despite the advantages of green synthesis, several challenges must be addressed:

1. Scalability: Large-scale production is difficult due to variations in biological extracts and synthesis
conditions.

2. Stability and Shelf-Life: Nanoparticles synthesized using biological methods may aggregate over
time, reducing their effectiveness.

3. Standardization: The diversity of plant species and microbial strains used results in inconsistent
nanoparticle sizes and properties (Roy et al., 2019).

4.2 Future Directions

1. Optimization of Green Synthesis Protocols: Standardizing methods by controlling reaction
parameters (pH, temperature, extract concentration) to achieve uniform nanoparticle properties.

2. Advanced Functionalization: Enhancing AgNP and AuNP stability using surface modification with
biopolymers, peptides, and ligands.

3. Integration with Al and Machine Learning: Using computational models to predict optimal
synthesis conditions and nanoparticle properties.
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4. Large-Scale Production Strategies: Developing bioreactors and continuous-flow synthesis
methods to enhance nanoparticle production efficiency (Rao & Paria, 2013).

5. Conclusion

A sustainable and ecofriendly approach to nanotechnology, green synthesis of silver and gold nanoparticles
minimizes environmental effect while providing cutting-edge industrial, medicinal, and environmental
applications. A safe and renewable substitute for traditional nanoparticle production, green synthesis makes
use of natural reducing agents found in microbes, plants, and biopolymers. Notwithstanding current obstacles,
continuous studies and developments in nanobiotechnology are opening the door for effective and scalable
green nanotechnology, which will support sustainable living and a better environment. The green synthesis of
mangrove-derived nanoparticles is a prime example of how technology advancement and biodiversity
utilization may work together. Utilizing mangroves' abundant phytochemical profiles, stable, biocompatible
nanoparticles with a variety of uses can be created, supporting sustainable living and the Sustainable
Development Goals of the UN. Continued research, coupled with conservation strategies, will ensure that
this harmony between nature and technology can be sustained for future generations.
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