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Abstract: In recent years, the green synthesis of metallic nanoparticles has gained significant attention due
to its eco-friendly and sustainable approach. This review presents an in-depth analysis of the principles,
methodologies, and applications of plant-based green synthesis of metallic nanoparticles. By utilizing plant
extracts, microorganisms, and other natural resources, this method offers a sustainable alternative to
conventional chemical synthesis, minimizing environmental hazards and enhancing biocompatibility. The
review explores the key mechanisms involved in biosynthesis, emphasizing the role of phytochemicals in
reducing and stabilizing nanoparticles. Additionally, it highlights the diverse applications of green-
synthesized nanoparticles in fields such as medicine, catalysis, environmental remediation, and electronics.
Their antimicrobial, antioxidant, and catalytic properties make them highly promising for addressing
global challenges, including pollution control, renewable energy solutions, and sustainable water
treatment. The emergence of green nanotechnology underscores the need for responsible scientific
advancements that align with environmental conservation. By investigating the latest developments in green
nanoparticle synthesis, this review contributes to the ongoing efforts to integrate sustainability into
nanotechnology for a greener future.
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L. INTRODUCTION

Nanotechnology has undergone a transformative evolution in recent years, leading to the emergence of metallic
nanoparticles with diverse applications in medicine, catalysis, electronics, and environmental science (Malik et al.,
2023) . Traditionally, metallic nanoparticles have been synthesized using chemical methods, often involving hazardous
substances and high energy consumption. In response to growing environmental concerns, the focus has shifted towards
sustainable and eco-friendly synthesis methods, commonly referred to as "green synthesis." This approach utilizes
natural resources to minimize environmental impact while enhancing the biocompatibility of nanoparticles.

Among the various green synthesis methods, plant-mediated synthesis has gained significant attention due to its cost-
effectiveness, scalability, and reduced toxicity. Plant extracts, rich in bioactive compounds such as polyphenols,
flavonoids, terpenoids, and alkaloids, serve as effective reducing and stabilizing agents (Singh et al., 2018) . These
phytochemicals facilitate the reduction of metal ions into stable, biocompatible metallic nanoparticles. The inherent
biocompatibility of these nanoparticles makes them particularly promising for biomedical applications, including drug
delivery, imaging, and cancer therapy. Additionally, plant-mediated synthesis provides a sustainable alternative to
conventional chemical methods, significantly reducing hazardous waste generation.[1-6]

This review explores the various plant species used for green synthesis, elucidates the mechanisms governing
nanoparticle formation, and examines the factors influencing their size, shape, and stability. Furthermore, the potential
applications of these nanoparticles across multiple fields, including medicine, agriculture, catalysis, and environmental
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remediation, are discussed . By integrating plant-derived nanotechnology with sustainability principles, green synthesis
paves the way for innovative solutions in science and industry.[7]

Properties of Nanoparticles

Nanoparticles, typically ranging in size from 1 to 100 nm, exhibit unique physicochemical properties that distinguish
them from bulk materials. These properties arise from their high surface area-to-volume ratio and quantum confinement
effects, making them invaluable for applications in medicine, energy, and materials science.[8]

e Size-Dependent Optical Properties: Nanoparticles, particularly noble metal nanoparticles like gold and
silver, display unique optical properties due to surface plasmon resonance (SPR). As particle size decreases,
their interaction with light changes, leading to color variations useful in biosensors and medical diagnostics
.[9]

e Enhanced Surface Area: The large surface area of nanoparticles increases their catalytic efficiency by
providing more active sites for chemical reactions, making them valuable in heterogeneous catalysis .

e  Quantum Effects: Quantum confinement effects in semiconductor nanoparticles, such as quantum dots, lead
to discrete energy levels, influencing their electronic and optical properties. These are exploited in
photovoltaics and display technologies .

e Improved Mechanical Properties: Nanoparticles enhance the mechanical strength, stiffness, and toughness
of materials, particularly in polymer-based composites [10]

e  Thermal Conductivity: Nanoparticles significantly influence the thermal conductivity of materials, benefiting
applications such as thermal interface materials in electronic devices .[11]

e  Magnetic Properties: Magnetic nanoparticles exhibit superparamagnetism and tunable magnetic behavior,
which are utilized in targeted drug delivery and MRI contrast agents .

e Surface Plasmon Resonance (SPR): Noble metal nanoparticles exhibit SPR, enhancing electromagnetic
fields near their surfaces. This property is critical in biosensing and chemical detection (Jain et al., 2007) .

e Chemical Reactivity: The increased surface area of nanoparticles enhances their reactivity, making them
effective catalysts in various chemical reactions

Plant-Based Green Synthesis of Nanoparticles
Green synthesis of nanoparticles using plant extracts is an eco-friendly and sustainable approach that leverages the
phytochemicals present in different plant parts, such as leaves, stems, roots, and seeds. These biomolecules act as
reducing, stabilizing, and capping agents, influencing nanoparticle characteristics
Synthesis Approaches
Nanoparticle synthesis methods are broadly classified into bottom-up and top-down approaches, each with distinct
advantages and applications.
1. Bottom-Up Approach
The bottom-up approach involves assembling nanoparticles from smaller molecular or atomic units through controlled
chemical reactions. This method ensures precise control over nanoparticle properties .[12]
e Chemical Precipitation: Metal ions are reduced using plant extracts, leading to nanoparticle formation. For
example, silver nanoparticles are synthesized by reducing Ag+ with bioactive compounds.[13-16]
e  Sol-Gel Method: A liquid sol undergoes hydrolysis and condensation, forming a gel that, upon drying and
calcination, yields nanoparticles.
e Hydrothermal/Solvothermal Synthesis: High-temperature and high-pressure conditions in aqueous or
organic solvents facilitate nanoparticle formation with controlled morphology.
e  Microemulsion Method: Nanoparticles form within microemulsion droplets, ensuring uniform size
distribution.
e  Top-Down Approach The top-down approach involves breaking down bulk materials into nanoparticles using
physical or mechanical techniques (Vaseashta et al., 2006) [147]. Common methods include:

Copyright to IJARSCT OF S0 DOI: 10.48175/IJARSCT-25009

.. . L, [/ 1ssn
www.ijarsct.co.in " P e T i| 2581-9429 |8

45

©\ IJARSCT /¥




({ IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal gD €O
ISSN: 2581-9429 Volume 5, Issue 3, April 2025 Impact Factor: 7.67

e  Mechanical Milling: Bulk materials are ground into nanoparticles using ball milling.

e Laser Ablation: A laser beam ablates a target material, generating nanoparticles in a gas or liquid medium.\

e Electron Beam Lithography: Focused electron beams etch bulk materials into nanoscale structures.[17]

e Chemical Etching: Selective chemical reactions break down bulk materials into nanoparticles, as seen in

silicon nanoparticle synthesis.

Each synthesis method has unique advantages, and researchers often combine bottom-up and top-down techniques for
precise control over nanoparticle properties (Kim et al., 2003) [77]. This hybrid approach enhances nanoparticle
functionality for diverse applications in medicine, electronics, and environmental science.
By harnessing plant-based green synthesis, researchers can develop sustainable nanomaterials with minimal
environmental impact, contributing to advancements in nanotechnology and ecological preservation.[19-24]
Nanotechnology has gained significant attention in recent years due to its vast applications in medicine, agriculture, and
environmental science. Among various nanoparticle synthesis methods, green synthesis using plant extracts is emerging
as an eco-friendly and sustainable alternative to conventional chemical and physical methods. Plants play a crucial role
in this approach by serving as natural reducing and stabilizing agents, ensuring the biocompatibility of synthesized
nanoparticles.[25-28]
Mechanism of Green Synthesis
The green synthesis of nanoparticles using plant extracts involves the reduction of metal salts into nanoparticles through
phytochemicals present in the plant. These phytochemicals include alkaloids, flavonoids, terpenoids, phenolics,
proteins, and enzymes, which contribute to the reduction and stabilization of nanoparticles.[20-21]

Key Steps in the Green Synthesis Process:

e Preparation of Plant Extract: The selected plant part (leaves, roots, flowers, bark, or fruit) is dried,
powdered, and extracted using suitable solvents like water, ethanol, or methanol.

e  Mixing with Metal Salt Solution: The extract is mixed with a metal precursor solution (e.g., silver nitrate for
AgNPs or chloroauric acid for AuNPs) under controlled conditions.

e Reduction and Stabilization: Phytochemicals reduce the metal ions to nanoparticles while acting as capping
agents, preventing aggregation.

e Characterization: The synthesized nanoparticles are analyzed using techniques such as UV-Vis spectroscopy,
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and transmission electron
microscopy (TEM).

Advantages of Plant-Based Nanoparticle Synthesis
e Eco-Friendly: No toxic chemicals are involved, reducing environmental pollution.
o Cost-Effective: Plant extracts are easily available and require minimal processing.
e Biocompatibility: The naturally synthesized nanoparticles are safer for biomedical applications.
e  Scalability: Large-scale production is feasible due to the simple methodology.

Applications of Plant-Mediated Nanoparticles
e  Medicine: Antimicrobial, anticancer, and drug delivery applications.
e  Agriculture: Pest control and enhanced crop productivity.
e Environmental Remediation: Water purification and removal of toxic pollutants.
e Food Packaging: Development of nanobiopolymer-based packaging materials with antimicrobial
properties.[22]
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II. CONCLUSION
The use of plant extracts in the green synthesis of nanoparticles is a promising approach that aligns with sustainable and
eco-friendly practices. Future research should focus on optimizing synthesis conditions, exploring novel plant species,
and scaling up production for commercial applications.
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