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Abstract

One environmentally responsible and sustainable method of using nanotechnology is the green production of
nanoparticles (NPs). Without the use of dangerous chemicals, biological templates including plants, bacteria, fungi,
and algae are essential for stabilising and decreasing nanoparticles. The mechanisms behind green synthesis are
thoroughly examined in this review, with particular attention paid to the functions of living molecules as capping
and reducing agents. The article also covers the main variables affecting the creation of nanoparticles,
characterisation methods, and their uses in environmental cleanup, agriculture, and medicine.
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Introduction

With uses in environmental science, energy, agriculture, and medicine, nanotechnology is a fast-growing
discipline. However, the production of nanoparticles using traditional chemical and physical processes frequently
involves hazardous byproducts, significant energy input, and toxic solvents. An alternative is provided by green
synthesis, which uses living things and their byproducts to create nanoparticles in an environmentally friendly way.
An eco-friendly, economical, and sustainable substitute for traditional physical and chemical ways of creating
nanoparticles is green synthesis (1-4). This method creates nanoparticles with distinct physicochemical
characteristics by using biological templates, such as microbes, plants, and proteins, as stabilising and reducing
agents. Utilising biological systems minimises the use of hazardous chemicals and lowers pollution in the
environment, which is consistent with the ideas of green chemistry. Biological templates serve as rich sources of
natural metabolites, such as alkaloids, flavonoids, terpenoids, and proteins, which play a crucial role in the reduction of
metal ions and stabilization of the resulting nanoparticles. These natural agents not only influence the shape, size, and
stability of nanoparticles but also impart additional functional properties, enhancing their biocompatibility and therapeutic
potential(5-6). The mechanistic aspects of green synthesis involve multiple biochemical pathways, often driven by
enzymatic activity, secondary metabolites, and biomolecule-metal interactions. These mechanisms are inherently complex
and depend on factors such as pH, temperature, precursor concentration, and reaction time. Understanding these
mechanisms is pivotal for optimizing nanoparticle synthesis and tailoring their properties for specific applications in fields
like medicine, agriculture, and environmental remediation. This review explores the intricate biochemical processes
underpinning green synthesis, focusing on the role of various biological templates and their mechanistic contributions to
nanoparticle formation. Additionally, it highlights the advantages of using biological systems over traditional methods and
discusses the challenges and future prospects in this rapidly advancing field(7-9).
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Principle

For fewer than 15 years, the concept of "green chemistry" and sustainable development has been extensively
researched. One definition of sustainable development is the advancement that balances the potential of future
generations to meet their own needs with the demands of the present. Chemical-based companies are particularly
affected by sustainable development because of its concern for pollution and the exploitation of natural resources.
For a long time, chemistry has been perceived as a dangerous subject, and the name "chemical” is usually connected
to danger and toxicity(10-13).

Flora' role in environmentally friendly nanoparticle production

The globally recognised "green chemistry” concept has been used in the biosynthesis of nanoparticles to create
clean and environmentally friendly nanoparticles. This process, known as "green synthesis," involves bacteria,
fungi, plants, actinomycetes, and other microorganisms. A green alternative to creating nanoparticles with novel
features is the biosynthesis of nanoparticles utilising the aforementioned organisms. Both unicellular and
multicellular organisms are permitted to react in these syntheses(14). Plants are said to as nature's chemical
factories because they are inexpensive and little upkeep. Since even minute amounts of these heavy metals are
harmful, plants have shown remarkable promise in both detoxifying and accumulating them, which could help
solve the problem of environmental contaminants . Compared to certain other biological synthesis methods, such
as those using microbes, the synthesis of nanoparticles using plant extract has advantages because it can be
accomplished through intricate processes of maintaining microbial cultures. Plant-assisted nanoparticle synthesis
has the benefit of having kinetics that are significantly higher than those of other biosynthetic methods that are
comparable to the generation of chemical nanoparticles. Several plant components, including Because of the
superior phytochemicals they produce, fruit, leaves, stems, and roots have been used extensively for the green
synthesis of nanoparticles(15-20).
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Fig no. 01 Mechanism of Green Synthesis

Table 1: Comparison of Biological Templates in Nanoparticle Synthesis(21-24)

Template | Bioactive Compounds Mechanism Applications
Plants Flavonoids, phenols Reduction, capping Antimicrobials
Bacteria Enzymes, proteins Enzymatic reduction Drug delivery

Fungi Proteins, polysaccharides | Extracellular reduction | Environmental remediation
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Mechanisms of Green Synthesis (25-28)
Role of Plant Extracts

Plant extracts are rich in secondary metabolites, including phenols, flavonoids, alkaloids, and terpenoids, which
act as reducing and capping agents. The typical mechanism involves the following steps:

« Reduction: Bioactive compounds donate electrons to metal ions, reducing them to their metallic state.
o Nucleation: Reduced metal atoms aggregate to form nanoparticle nuclei.
e Growth and Stabilization: Capping agents prevent aggregation, controlling the size and shape of the
nanoparticles.
Microbial-Assisted Synthesis(29-31)
Bacteria, fungi, and yeast can synthesize nanoparticles intracellularly or extracellularly.
e Intracellular Synthesis: Metal ions penetrate microbial cells and are reduced by enzymes like nitrate

reductase.
o Extracellular Synthesis: Secreted enzymes and metabolites reduce metal ions in the surrounding medium.

Key Pathways:

1. Enzymatic Reduction: Enzymes such as NADPH-dependent reductases facilitate reduction.
2. Protein Binding: Surface proteins stabilize nanoparticles, controlling their morphology.

Algal and Fungal Systems(32-33)
Algae and fungi provide a unique platform for nanoparticle synthesis due to their high biomass yield and secretion
of bioactive compounds. Polysaccharides, proteins, and pigments play crucial roles in metal ion reduction and
stabilization.
Factors Influencing Green Synthesis(34-35)
Several parameters impact the synthesis of nanoparticles, including:
Temperature
Temperature significantly affects the kinetics of nanoparticle synthesis. Higher temperatures accelerate the
reduction of metal ions, leading to faster nucleation and growth of nanoparticles. However, excessively high
temperatures can degrade the bioactive compounds used in the process. For example:

e Moderate temperatures (25°C - 60°C): Favor controlled growth and stabilization of nanoparticles.

« High temperatures (>70°C): May lead to aggregation or deformation of nanoparticles due to rapid
reaction rates. Temperature control is essential for achieving nanoparticles with desired characteristics.

Precursor Concentration

The concentration of metal precursors directly impacts the yield and size of nanoparticles. Higher concentrations
of metal ions:

e Increase the rate of nucleation.
e May result in larger nanoparticles if capping agents are insufficient. On the other hand, lower precursor
concentrations generally lead to well-defined and smaller nanoparticles due to limited nucleation events.
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Reaction Time

The duration of the synthesis process determines the size, morphology, and stability of the nanoparticles. Short
reaction times often produce incomplete reduction of metal ions, resulting in irregularly shaped nanoparticles.
Prolonged reaction times allow:

e Uniform growth: Leading to better-defined shapes.
e Improved stability: Due to sufficient interaction with capping agents.

Agitation and Mixing
Proper mixing ensures homogeneity in the reaction medium. Agitation enhances:

« The interaction between metal ions and reducing agents.
o The diffusion of bioactive compounds, promoting uniform nanoparticle synthesis. Inadequate mixing can
lead to uneven particle distribution and aggregation.

Light Exposure
Certain biological templates contain photosensitive compounds that can be activated by light. For example:

e UV or visible light: Enhances the reduction process by energizing electrons in photosensitive molecules.

« Controlled exposure: Prevents degradation of light-sensitive bioactive compounds while accelerating
nanoparticle synthesis. This factor is particularly relevant for algae-based or plant extract-mediated
synthesis.

Additives and Catalysts

The presence of additives or catalysts such as surfactants, polymers, or enzymes can influence nanoparticle
synthesis by:

« Enhancing stability.

e Modulating growth rates.

« Controlling the morphology of nanoparticles. These additives act synergistically with bioactive compounds
to improve the overall quality of nanoparticles.

Characterization of Green Synthesized Nanoparticles(36-38)
Spectroscopic Techniques

e UV-Vis Spectroscopy: This technique monitors the formation of nanoparticles by detecting surface
plasmon resonance (SPR) peaks. The position and intensity of the SPR peak provide insights into the size
and aggregation state of the nanoparticles.

e FTIR (Fourier Transform Infrared Spectroscopy): Identifies the functional groups involved in capping
and stabilization. FTIR spectra reveal the interaction of bioactive molecules with the nanoparticle surface,
ensuring stability.

Microscopic Techniques

e Scanning Electron Microscopy (SEM): Provides high-resolution images to study surface morphology
and particle size.

e Transmission Electron Microscopy (TEM): Offers detailed information on the internal structure, size,
and shape of nanoparticles at the atomic level. TEM can also reveal crystallinity.
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o Atomic Force Microscopy (AFM): Examines surface topology, particle distribution, and interactions at
the nanoscale.

X-ray Techniques
o X-ray Diffraction (XRD): Determines the crystalline structure of nanoparticles. XRD patterns help
identify the phase purity and lattice parameters of the synthesized materials.
o Energy Dispersive Spectroscopy (EDS): Often coupled with SEM, this technique analyzes the elemental
composition of nanoparticles, confirming the presence of metals and their distribution.
Dynamic Light Scattering (DLS)

e Measures the hydrodynamic size and size distribution of nanoparticles in solution. DLS also provides
information about the zeta potential, which indicates nanoparticle stability and surface charge.

Thermogravimetric Analysis (TGA)

o Evaluates the thermal stability and decomposition patterns of nanoparticles. TGA can confirm the presence
of organic capping agents and their thermal behavior.

Raman Spectroscopy

« Investigates molecular interactions and vibrational modes of the compounds associated with nanoparticles.
Raman spectroscopy is particularly useful for studying carbon-based nanoparticles.

Applications of Green Synthesized Nanoparticles(40)

Biomedical Applications
e Drug Delivery: Enhanced targeting and controlled release.
o Antimicrobial Activity: Effective against multidrug-resistant pathogens.
e Cancer Therapy: Induce selective cytotoxicity in cancer cells.

Environmental Applications

o Water Purification: Removal of heavy metals and organic pollutants.
« Pollution Monitoring: Nano-sensors for detecting environmental toxins.

Agricultural Applications

« Pesticides: Eco-friendly alternatives to chemical pesticides.
¢ Soil Remediation: Restore contaminated soils.

Challenges and Future Perspectives

While green synthesis offers numerous advantages, challenges such as scalability, reproducibility, and mechanism
optimization remain. Future research should focus on:

o Standardizing protocols for large-scale production.
« Enhancing the stability and functionality of nanoparticles.
o Exploring novel biological templates for diverse applications.
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Conclusion

Green synthesis, which uses biological resources to create nanoparticles with little effect on the environment, is a
promising strategy for sustainable nanotechnology. New possibilities in environmental management, agriculture,
and health can be opened by comprehending the molecular pathways and improving the synthesis conditions. There
are several special molecules found in plants that aid in synthesis and speed it up. Utilising plants to create a green
synthesis of
Nanoparticles are a fascinating and evolving aspect of nanotechnology that significantly impacts the environment
in the direction of sustainability and advances in the field of nanoscience. The green route of nanoparticle synthesis
is expected to lead to exponential growth in applications in the future, but there are concerns about the long-term
effects on humans and animals as well as the accumulation of these in the environment, which needs to be addressed
in the future.
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