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ABSTRACT

The green synthesis of nanoparticles has emerged as an eco-friendly and sustainable alternative to conventional physical and chemical methods. This review
explores the fundamental principles, mechanisms, and biological sources involved in the biosynthesis of nanoparticles using plant extracts, microorganisms, algae,
and biopolymers. Key characterization techniques are discussed, along with current and emerging applications in medicine, agriculture, environmental remediation,
and electronics. The review also examines the advantages, limitations, toxicity concerns, and regulatory challenges associated with green synthesis. Recent
developments from 2020 to 2024 are presented, and future prospects for scaling up this green nanotechnology are discussed. This comprehensive review includes
100 scholarly references to provide an in-depth overview of this rapidly evolving field
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1. Introduction

Nanotechnology is an interdisciplinary science that deals with the design, synthesis, characterization, and application of materials at the nanoscale (1-
100 nm). Nanoparticles (NPs) possess unique properties such as high surface area-to-volume ratio, enhanced reactivity, and size-dependent optical and
electronic characteristics, making them highly attractive in a range of scientific and industrial domains including biomedicine, energy, electronics, and
environmental science (Kumar & Yadav, 2009).

Conventional methods for nanoparticle synthesis typically rely on physical and chemical techniques, which often involve high temperatures, expensive
equipment, and toxic chemicals that pose significant risks to human health and the environment (Iravani, 2011). These challenges have prompted the
search for greener, safer, and more sustainable synthesis methods.

1.1 Definition and Principles of Green Synthesis

Green synthesis refers to the fabrication of nanoparticles using biological systems or natural extracts that act as reducing and stabilizing agents. The
methodology aligns with the twelve principles of green chemistry, which aim to reduce or eliminate the use of hazardous substances in the design and
production of chemical products (Anastas & Warner, 1998). The essential features of green synthesis include ambient reaction conditions, low energy
consumption, reduced waste generation, and the use of renewable resources.

1.2 Historical Perspective

Although the term “nanotechnology” was formally introduced in the 1980s, the use of metal nanoparticles dates back centuries. For instance, colloidal
gold was used in stained glass windows during medieval times, and Ayurvedic medicine in India employed silver particles for antimicrobial purposes
(Singh et al., 2018). However, the scientific development of biologically synthesized nanoparticles began gaining momentum only in the early 2000s.

1.3 Relevance and Scope

The interest in green synthesis has expanded rapidly due to its promise in overcoming the drawbacks of traditional synthesis methods. It has attracted
researchers from various disciplines, including chemistry, biology, materials science, and environmental engineering. The biosynthesis of nanoparticles
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offers several advantages, such as biocompatibility, environmental friendliness, cost-effectiveness, and potential for large-scale production (Mittal et al.,
2013).

In this review, we examine the different biological sources used for nanoparticle synthesis, the underlying mechanisms and characterization techniques,
applications across industries, challenges, recent developments, and future directions. A comprehensive list of 100 references supports the current
understanding and research trajectory of green nanotechnology.

2. Biological Sources for Green Synthesis of Nanoparticles

Green synthesis of nanoparticles involves biological entities that serve as natural reducing and capping agents. These biological systems include plant
extracts, bacteria, fungi, algae, and biopolymers. Each source has unique phytochemicals or biomolecules that facilitate the reduction of metal ions and
stabilize the resulting nanopatrticles.

2.1 Plant-Mediated Synthesis

Plant-mediated synthesis is one of the most explored and widely used methods for green nanoparticle synthesis. Plant parts such as leaves, roots, bark,
flowers, fruits, and seeds contain a variety of secondary metabolites like flavonoids, alkaloids, terpenoids, saponins, tannins, and phenolic compounds
that act as reducing and capping agents (lravani, 2011; Mittal et al., 2013).

Advantages:
e  Easy availability and accessibility of plant materials
e  No need for aseptic conditions
e  High yield and faster reaction rates
e  Simple extraction methods
Examples:

e  Silver nanoparticles (AgNPs) synthesized using Azadirachta indica (neem) leaf extract exhibit excellent antibacterial properties (Kumar &
Yadav, 2009).

e Gold nanoparticles (AuNPs) have been synthesized using Camellia sinensis (green tea) extract for use in cancer therapy (Iravani, 2011).

®  Zinc oxide (ZnO) nanoparticles have been produced using Aloe vera and Ocimum sanctum leaf extracts for antimicrobial and agricultural
applications (Singh et al., 2018).

e  Copper oxide (CuO) nanoparticles synthesized from Moringa oleifera showed antifungal and antioxidant activities (Prasad et al., 2011).
2.2 Microbial-Mediated Synthesis
Microorganisms such as bacteria, fungi, and actinomycetes possess the inherent ability to reduce metal ions into nanoparticles through enzymatic or non-
enzymatic pathways. These biosynthetic processes can occur either intracellularly or extracellularly (Narayanan & Sakthivel, 2010).
Advantages:

e  Specific enzymatic pathways can provide better control over particle shape and size

e  Potential for large-scale fermentation processes

e  Possibility to genetically engineer strains for optimized synthesis
Examples:

e  Bacillus subtilis has been used for extracellular synthesis of AgNPs (Kalimuthu et al., 2008).

o Aspergillus niger can produce ZnO and AgNPs through both intracellular and extracellular methods (Bhainsa & D'Souza, 2006).

e  Pseudomonas aeruginosa has been used for the synthesis of selenium nanoparticles (Shakibaie et al., 2010).

e  Streptomyces species produce gold and silver nanoparticles for antimicrobial and catalytic applications (Ahmad et al., 2003).
Limitations:

®  Requires aseptic conditions and sterile media

e  Time-consuming growth and incubation periods
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®  Risk of contamination and process variability
2.3 Fungi-Mediated Synthesis
Fungi are considered ideal biological factories for nanoparticle synthesis due to their high metal tolerance and secretion of large quantities of extracellular
enzymes. They can produce nanoparticles with well-defined morphologies and controlled sizes (Fayaz et al., 2010).
Examples:
e  Fusarium oxysporum has been widely used for the synthesis of AuUNPs and AgNPs (Mukherjee et al., 2001).

®  Penicillium chrysogenum and Aspergillus flavus have shown efficient synthesis of TiO» and ZnO nanoparticles, respectively (Sastry et al.,
2003).

2.4 Algae and Cyanobacteria
Macroalgae and microalgae, including cyanobacteria, are rich in bioactive compounds like polysaccharides, proteins, and lipids that can act as reducing
and stabilizing agents in nanoparticle synthesis (Barwal et al., 2011).
Examples:
e  Spirulina platensis (cyanobacteria) has been used for the synthesis of AuNPs and AgNPs (Philip, 2010).

e  Marine algae like Sargassum muticum have been used to produce AgNPs with high antioxidant activity (Singaravelu et al., 2007).
2.5 Biopolymers and Enzymes

Natural polymers such as chitosan, starch, cellulose, and alginate are also employed in green synthesis. Enzymes like nitrate reductase and hydrogenase
play a pivotal role in microbial nanoparticle synthesis (Gole et al., 2001).
Examples:

e  Chitosan-mediated synthesis of silver nanoparticles with enhanced wound-healing properties (Rabea et al., 2009).

e Starch and cellulose have been used to synthesize iron oxide and ZnO nanoparticles (Kharissova et al., 2013).

2.6 Comparative Summary

Source Key Biomolecules Advantages Limitations

Plants Flavonoids, alkaloids Fast, easy, eco-friendly Variation in plant metabolite content
Bacteria Enzymes, peptides Controlled size, scalable Requires sterile conditions

Fungi Enzymes, polysaccharides||High yield, extracellular synthesis||Longer incubation times

Algae Polysaccharides Renewable, marine source Seasonal variability
Biopolymers/Enzymes||Polymers, proteins Biocompatible, stable Often used as additives, not sources

3. Mechanisms of Green Synthesis of Nanoparticles

The green synthesis of nanoparticles generally involves a multi-step process facilitated by biological components such as phytochemicals, enzymes, and
other biomolecules. These components reduce metal ions to their elemental form and stabilize the resulting nanoparticles to prevent agglomeration.

3.1 General Mechanism

The green synthesis process typically includes the following stages:

1. Activation Phase (Reduction): Metal ions (e.g., Ag*, Au*, Zn?>') are reduced to zero-valent metal atoms (e.g., Ag°, Au°, Zn°) by
phytochemicals such as flavonoids, phenolic acids, and reducing sugars.

2. Nucleation Phase: The reduced atoms aggregate to form small nuclei that serve as the foundation for nanoparticle growth.
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3. Growth Phase: Additional atoms adhere to the nuclei, leading to the development of nanoparticles of varying sizes and shapes.

4.  Stabilization Phase: Biomolecules such as proteins, polysaccharides, or polyphenols act as capping agents, stabilizing the particles and
preventing aggregation.

3.2 Plant-Based Mechanism
Plant extracts contain diverse biomolecules which simultaneously reduce and cap nanoparticles. The polyphenolic compounds, sugars, proteins, and
organic acids present in these extracts are primarily responsible for nanoparticle formation.
Example (Silver Nanoparticles):

®  Ag' (from silver nitrate) + Reducing agent (e.g., flavonoid) — Ag® (reduced silver)

®  Ag®atoms undergo nucleation — Nanoclusters

®  Growth into nanoparticles — AgNPs

e  Stabilized by phytochemicals like tannins or terpenoids(lravani, 2011; Mittal et al., 2013)
3.3 Microbial-Based Mechanism
Microorganisms can synthesize nanoparticles either intracellularly or extracellularly. In extracellular synthesis, enzymes secreted by microbes reduce
the metal ions present in the surrounding medium. In intracellular synthesis, metal ions penetrate the cell wall and are reduced by enzymes inside the cell.
Key Enzymes Involved:

e  Nitrate reductase: Involved in the reduction of silver and gold ions.

e  Hydrogenase and sulfite reductase: Participate in the synthesis of metal sulfide nanoparticles.
Example:

®  Gold ions (Au**) are reduced by enzymes to Au® and accumulate as AuNPs on the microbial cell wall.(Narayanan & Sakthivel, 2010)
3.4 Fungal Mechanism
Fungi secrete large quantities of extracellular enzymes, which reduce metal ions outside the cell. Their high tolerance to metals and robust enzymatic
machinery make them efficient nanoparticle synthesizers.
Mechanism Highlights:

e Metal ions interact with fungal cell wall proteins or are taken up through ion channels.

e Reduction occurs either at the cell wall or in the cytoplasm.

®  Enzymes like NADH-dependent reductase play a major role.(Mukherjee et al., 2001; Sastry et al., 2003)
3.5 Role of Phytochemicals

Phytochemicals not only reduce the metal ions but also help in shaping the nanoparticles through selective binding on specific crystal facets.
Major classes of phytochemicals involved:

e  Phenolics (e.g., gallic acid, catechin): Strong reducers and stabilizers.

e  Terpenoids: Influence nanoparticle morphology.

e  Flavonoids: Participate in metal ion chelation and reduction.

e  Proteins and sugars: Act as capping and stabilizing agents.(Kharissova et al., 2013)
3.6 Influence of pH, Temperature, and Time

e  pH: Alkaline pH increases the reduction potential of phytochemicals, resulting in smaller and more uniform nanoparticles.

e  Temperature: Higher temperatures accelerate the reduction process, influence the growth rate, and affect particle size.
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®  Time: Reaction time impacts the nucleation and growth of nanoparticles. Longer durations may lead to larger particles due to continued
aggregation.

Example: At pH 8.5, smaller silver nanoparticles (~10-20 nm) are formed compared to pH 5.5 (~50-80 nm).(Bar et al., 2009)

3.7 Summary of Mechanistic Pathways

Mechanism Type ||Key Reducing Agents Stabilizing Agents Synthesis Site
Plant-mediated Polyphenols, flavonoids Tannins, sugars, proteins ||Extracellular
Bacterial Enzymes (nitrate reductase) ||Proteins, peptides Intra/Extra-cellular
Fungal NADH reductase, proteins [|Polysaccharides, enzymes||Extra-cellular
Algal Pigments, proteins Carbohydrates, proteins ||Extra-cellular
Biopolymer-assisted|[Hydroxyl and amino groups||Polymer matrix Extra-cellular

4. Characterization Techniques for Green-Synthesized Nanoparticles

Characterization of nanoparticles is essential to determine their physical, chemical, morphological, and structural properties. Green-synthesized
nanoparticles are typically characterized using a combination of spectroscopic, microscopic, and diffraction techniques.

4.1 UV-Visible Spectroscopy
UV-Vis spectroscopy is often the first technique used to confirm nanoparticle synthesis. Metal nanoparticles exhibit surface plasmon resonance (SPR), a
phenomenon resulting from the collective oscillation of conduction electrons.
e  Silver nanoparticles (AgNPs): Typically show SPR peaks around 400-450 nm.
e  Gold nanoparticles (AuNPs): SPR peaks range from 520-550 nm.
®  Zinc oxide nanoparticles (ZnO NPs): Absorption peaks around 360 nm.
This technique is rapid and non-destructive, suitable for monitoring the reaction progress in real-time.
(Mittal et al., 2013; Singh et al., 2018)
4.2 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR identifies functional groups in biomolecules responsible for the reduction and capping of nanoparticles. It helps understand the interactions between
phytochemicals and nanoparticle surfaces.
Common functional groups detected:
e  —OH (alcohols, phenols)
e  —C=0 (carbonyl groups)
®  —NH: (amines)
®  _COOH (carboxylic acids)

For example, the presence of a broad peak at 3,400 cm™ indicates —OH groups from phenolics, which are often involved in reduction.(lravani, 2011)
4.3 Transmission Electron Microscopy (TEM)

TEM provides detailed images of nanoparticle morphology and size distribution at the nanoscale (1-100 nm).
®  Determines shape (spherical, rod, triangular).
®  Provides accurate size measurements.

e |dentifies internal structure and crystallinity when coupled with selected area electron diffraction (SAED).
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Typical results:
e  AgNPs: ~10-50 nm, spherical.
®  AuNPs: ~20-80 nm, often spherical or irregular.(Narayanan & Sakthivel, 2010)
4.4 Scanning Electron Microscopy (SEM)
SEM provides high-resolution images of nanoparticle surface morphology. It is especially useful for analyzing agglomeration, surface texture, and
topography.

When combined with Energy Dispersive X-ray Spectroscopy (EDX), SEM can identify elemental composition, confirming the presence of metals like
silver, gold, zinc, or copper.(Barwal et al., 2011)

4.5 X-Ray Diffraction (XRD)
XRD is used to confirm the crystalline nature of nanoparticles. It provides information about crystal structure, phase purity, and particle size using the
Scherrer equation:
D =K/ (B cos 0)
Where:
e D =average crystallite size
e K =shape factor (~0.9)
e )= X-ray wavelength
e B = full width at half maximum (FWHM)
® 0 =Braggangle
Typical patterns match face-centered cubic (fcc) for AgNPs and hexagonal wurtzite for ZnO NPs.(Prasad et al., 2011)
4.6 Dynamic Light Scattering (DLS)
DLS measures the hydrodynamic diameter and polydispersity index (PDI) of nanoparticles in colloidal suspension. It helps in evaluating the dispersion
stability of nanoparticles.
e  Hydrodynamic diameter: Includes the particle and its surface-bound molecules.
e  PDI: Indicates the uniformity of the particle size distribution.

Ideal PDI: < 0.2 for monodisperse nanoparticles.(Kumar & Yadav, 2009)
4.7 Zeta Potential Analysis

Zeta potential indicates the surface charge of nanoparticles, which affects colloidal stability. A high absolute value (positive or negative) usually signifies
good stability.

e  Stable colloids: Zeta potential > +30 mV.

e  Low stability: Zeta potential between —10 mV and +10 mV.(Alam et al., 2022)
4.8 Thermogravimetric Analysis (TGA)

TGA assesses the thermal stability and organic content on nanoparticle surfaces. It provides weight loss profiles as a function of temperature.
e |nitial weight loss: Evaporation of water and volatile compounds.

e  Major weight loss: Decomposition of capping agents like proteins or polyphenols.(Tan et al., 2013)
4.9 Atomic Force Microscopy (AFM)

AFM provides 3D topographical images of nanoparticles and measures their surface roughness and mechanical properties.

Advantages:
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e  Non-destructive.
e  Can analyze soft and biological materials.

e  High spatial resolution.(Singh et al., 2018)

5. Applications of Green-Synthesized Nanoparticles

Green-synthesized nanoparticles (NPs) exhibit diverse applications due to their unique physicochemical properties and biocompatibility. Their eco-
friendly synthesis makes them ideal for use in biomedical, agricultural, environmental, and industrial sectors.

5.1 Biomedical Applications
5.1.1 Antimicrobial Agents

Silver nanoparticles (AgNPs) are widely known for their broad-spectrum antimicrobial properties against bacteria, fungi, and viruses. The mechanism
involves:

e  Disruption of microbial cell membranes.

®  Generation of reactive oxygen species (ROS).

(] Interaction with DNA and proteins.
Green-synthesized AgNPs from Azadirachta indica, Ocimum sanctum, and Moringa oleifera have demonstrated strong antimicrobial efficacy (Mittal et
al., 2013; Roy et al., 2021).
5.1.2 Drug Delivery
Iron oxide (FesO4) and gold nanoparticles (AuNPs) synthesized using plant extracts are used for controlled and targeted drug delivery due to their surface
modification potential.

e  Targeting ligands can be attached to NP surfaces.

e Magnetic NPs allow controlled movement using external magnets. (Mehta et al., 2023)
5.1.3 Cancer Therapy

AuNPs synthesized using Mentha piperita and Camellia sinensis have been applied in:
e  Photothermal therapy (PTT): Converts light to heat for tumor ablation.
e  Imaging: Enhanced contrast in MRI and CT scans.

e Drug carriers for chemotherapeutic agents. (Iravani, 2011; Mehta et al., 2023)
5.1.4 Wound Healing
ZnO NPs synthesized via Aloe vera have shown accelerated wound healing due to their antimicrobial and antioxidant activities. (Prasad et al., 2011)
5.2 Agricultural Applications
5.2.1 Nano-Fertilizers

Zn0O, Fe;0s, and TiO2 NPs promote seed germination, enhance nutrient uptake, and improve crop yield.
®  Green ZnO NPs from Trifolium pratense increased wheat productivity.

®  Reduced need for conventional fertilizers. (Alam et al., 2022)
5.2.2 Nano-Pesticides

CuO and AgNPs synthesized from plant extracts act as nano-pesticides, reducing fungal and bacterial infestations in crops.

e  Effective against Fusarium, Alternaria, and Xanthomonas.
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e  Minimal environmental impact compared to synthetic pesticides. (Singh et al., 2018)
5.2.3 Soil and Plant Health

Fe and Mn-based green nanoparticles improve soil fertility and protect plants from abiotic stresses like drought and salinity. (Narayanan & Sakthivel,
2010)

5.3 Environmental Applications
5.3.1 Water Purification

AgNPs and Fe;O04 NPs are effective in removing contaminants such as:
e  Pathogens (bacteria, viruses)
®  Heavy metals (Pb*, Cd?*, Hg*")
®  Dyes (methylene blue, rhodamine B)

Barwal et al. (2011) reported that FesO4 NPs synthesized using Spirulina efficiently removed arsenic from contaminated water.
5.3.2 Pollution Control

TiO:z and ZnO NPs serve as photocatalysts for the degradation of pollutants under sunlight.
e  Breakdown of organic dyes.

e  Decomposition of industrial waste. (Kumar & Yadav, 2009)
5.3.3 Waste Management
Use of agro-wastes like fruit peels and leaves in NP synthesis promotes waste valorization and reduces landfill burden. (Roy et al., 2021)
5.4 Industrial Applications
5.4.1 Cosmetics

ZnO and TiO: NPs are used in sunscreens and lotions due to their UV-blocking properties.
®  Reduced toxicity via green synthesis.

e  Better skin compatibility. (Singh et al., 2018)
5.4.2 Electronics

AgNPs are used in:
e  Conductive inks.
e  Transparent electrodes.
®  Flexible circuits.

Their small size and conductivity make them suitable for wearable devices and printable electronics. (Alam et al., 2022)
5.4.3 Catalysis

Metal oxide NPs like CuO and ZnO catalyze reactions in organic synthesis, biodiesel production, and hydrogen generation.

e  Green-synthesized CuO NPs showed high catalytic efficiency in transesterification reactions. (Prasad et al., 2011)

6. Advantages of Green Synthesis of Nanoparticles

Green synthesis is gaining popularity due to its compatibility with sustainability goals, environmental safety, and economic viability. Compared to
conventional physical and chemical methods, green synthesis offers several notable advantages.
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6.1 Eco-Friendly Nature

Green synthesis avoids toxic solvents, hazardous reducing agents, and high-energy inputs. The use of plant extracts, bacteria, fungi, and algae as reducing
and capping agents minimizes ecological impact and ensures a cleaner production process (Iravani, 2011).

6.2 Cost-Effectiveness

Raw materials such as plant leaves, fruit peels, and agricultural waste are inexpensive and widely available. The synthesis process usually occurs at
ambient temperature and pressure, eliminating the need for expensive instrumentation (Mittal et al., 2013).

6.3 Simplicity and Scalability

The protocols for green synthesis are simple, often requiring only the mixing of biological extracts with metal salt solutions. These reactions are easily
scalable from laboratory to industrial levels without complex modifications (Kumar & Yadav, 2009).

6.4 Biocompatibility

Nanoparticles synthesized using biological methods tend to be capped with biomolecules (proteins, polysaccharides, polyphenols), improving their
stability and reducing cytotoxicity. This makes them more suitable for biomedical applications such as drug delivery and imaging (Mehta et al., 2023).

6.5 Dual Functionality

Many biological components not only reduce metal ions but also act as stabilizing agents, providing dual functionality in a single step. This reduces the
number of processing steps and increases yield efficiency (Narayanan & Sakthivel, 2010).

6.6 Waste Minimization

By using waste materials like fruit peels (e.g., mango, banana, pomegranate), green synthesis aligns with the principles of circular economy and promotes
waste valorization (Roy et al., 2021).

6.7 Reduced By-Products

Unlike chemical methods that may generate hazardous by-products, green synthesis often yields benign side-products such as oxygen, carbon dioxide, or
oxidized phytochemicals, reducing the need for post-processing (Singh et al., 2018).

6.8 Energy Efficiency

Most green synthesis reactions proceed at room temperature and do not require external energy sources like microwaves, UV, or heat. This significantly
lowers the carbon footprint associated with nanoparticle production (Barwal et al., 2011).

6.9 Support for Green Chemistry Principles

Green synthesis embodies several of the 12 Principles of Green Chemistry:
®  Prevention of waste.
e  Safer solvents and reaction conditions.
®  Use of renewable feedstocks.

e Design for energy efficiency. (Anastas & Warner, 1998)

7. Limitations and Challenges of Green Synthesis of Nanoparticles

Despite its numerous advantages, green synthesis of nanoparticles (NPs) faces several challenges that hinder its widespread adoption and industrial
scalability. Addressing these issues is critical to mainstreaming the technology.

7.1 Lack of Standardization

The synthesis process often lacks uniform protocols, which leads to inconsistencies in:
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®  Particle size and shape
®  Yield and purity
e  Stability and dispersity
This variation is largely due to:
e  Differences in biological extract compositions
e Environmental conditions affecting the source material (e.g., plant growth stage, season, geographic origin)

(Mittal et al., 2013; Narayanan & Sakthivel, 2010)
7.2 Mechanistic Ambiguity

The exact mechanisms involved in the reduction and capping of metal ions by biological agents remain poorly understood.
e  Limited studies on specific phytochemicals or enzymes responsible for nanoparticle formation.
®  |ack of in situ monitoring tools during synthesis.

This hampers the ability to design predictable and reproducible synthesis routes (Iravani, 2011).
7.3 Scale-Up Challenges

While green synthesis is simple at the laboratory scale, scaling up to industrial levels is problematic due to:
®  Low reaction rates compared to chemical methods.
e  Difficulty in maintaining consistent extract composition.

®  Need for large volumes of biological material. (Kumar & Yadav, 2009)
7.4 Storage and Stability

Green-synthesized nanoparticles often show:
e  Reduced shelf life due to oxidation or agglomeration.
e  Sensitivity to temperature, pH, and light conditions.

There is a need for advanced stabilization strategies without compromising biocompatibility (Singh et al., 2018).
7.5 Purification and Post-Synthesis Processing

Biological synthesis involves organic matrices that can complicate:
e  Purification
e  Surface modification
e  Functionalization for specific applications

Extensive washing, centrifugation, or dialysis may be required to isolate clean nanoparticles (Barwal et al., 2011).
7.6 Regulatory and Safety Concerns

Although green NPs are less toxic than chemically synthesized counterparts, there is still a lack of:
e  Comprehensive toxicological data
(] Environmental impact assessments
e  Clear regulatory frameworks for approval and commercialization

(Gutleb et al., 2012; Mehta et al., 2023)
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7.7 Limited Metal Scope

Most research has focused on a few metals like silver, gold, and zinc oxide. Green synthesis of other technologically relevant metals like palladium,
platinum, and rare earth elements remains underdeveloped (Iravani, 2011).

7.8 Industrial Adoption Barriers

Industries are hesitant to adopt green methods due to:

e  Skepticism about consistency and reliability

®  Lack of automation-compatible systems

e  Concerns about meeting Good Manufacturing Practice (GMP) standards (Alam et al., 2022)

7.9 Summary Table: Challenges in Green Synthesis

Challenge

Description

Potential Solution

Inconsistent particle size

Variability in biological material affects NP size and shape

Standardize extract preparation

Mechanistic uncertainty

Limited understanding of bio-reduction and stabilization pathways

In-depth mechanistic studies

Poor scalability

Issues with maintaining consistency on industrial scale

Bioreactor-based controlled synthesis

Stability issues

Aggregation and oxidation over time

Surface modification or nano-coating

Regulatory uncertainty

No standardized guidelines for green NPs

Develop regulatory frameworks with case studies

8. Toxicity and Regulatory Concerns of Green-Synthesized Nanoparticles

Despite their eco-friendly synthesis routes, nanoparticles (NPs) produced via green methods can still pose toxicity risks to humans and the environment.
Understanding and mitigating these risks is crucial for safe and responsible deployment.

8.1 Toxicity of Nanoparticles

Nanoparticles, by virtue of their small size and high surface area, can interact strongly with biological membranes, proteins, and DNA, potentially leading

to adverse effects.

Mechanisms of Toxicity:

e  Generation of reactive oxygen species (ROS): Inducing oxidative stress in cells.

e  Membrane damage: Disruption of lipid bilayers.

e  DNA damage and genotoxicity: Possible mutations and chromosomal alterations.

e Inflammatory response: Triggering immune reactions in mammals. (Gutleb et al., 2012; Singh et al., 2018)

8.2 Comparative Toxicity: Green vs. Chemically Synthesized NPs

Green-synthesized NPs generally exhibit lower toxicity due to the natural capping agents (e.g., proteins, polyphenols) present on their surface, which

enhance biocompatibility.

Type of NP

Surface Modifier

Toxicity Level

Reference

Chemically synthesized

Citrate, PEG, CTAB

Moderate-High

Kumar & Yadav, 2009

Green synthesized

Plant polyphenols, proteins

Low—Moderate

Iravani, 2011

However, toxicity depends not only on synthesis method but also on:

e  Concentration and dose
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e  Size and shape
®  Aggregation behavior

®  Target organism or tissue
8.3 In Vitro and In Vivo Studies

Several in vitro (cell culture) and in vivo (animal model) studies have been conducted to evaluate the biosafety of green NPs.
e  Silver NPs from Azadirachta indica showed minimal cytotoxicity up to 50 pg/mL on human keratinocytes (Roy et al., 2021).

e  Gold NPs from Mentha piperita were found safe for intravenous use in mice, showing no organ damage or immune response (Mehta et al.,
2023).

®  7ZnO NPs from Trifolium pratense showed no adverse effects on plant growth or soil microbiota at field-relevant doses (Alam et al., 2022).

Despite promising results, more long-term toxicity studies are needed.
8.4 Environmental Impact

Nanoparticles released into the environment may:
e  Accumulate in soil and water.
e  Affect microbial communities and aquatic life.
e  Enter food chains via bioaccumulation.

Thus, ecological safety assessments must accompany the life-cycle evaluation of green-synthesized NPs.
8.5 Regulatory Frameworks

Currently, regulatory agencies have no specific guidelines for green-synthesized nanoparticles. However, general nanomaterial regulations apply:
e  United States (EPA, FDA): Requires nanoparticle safety data for environmental and medical applications.
e  European Union (REACH): Calls for risk assessments and labeling of nanomaterials.
e India (FSSAI, MoEFCC): Developing nano-specific safety protocols in agriculture and food.

(Kumar et al., 2020; Gutleb et al., 2012)
8.6 Key Regulatory Challenges:

® | ack of standardized testing protocols.

®  Unclear categorization (natural vs. engineered).

e  Difficulty in detecting and quantifying nanoparticles in complex matrices.
8.7 Recommendations:

e  Develop harmonized global guidelines.

e  Encourage public-private partnerships for toxicity studies.

®  Promote open-access databases for nanoparticle safety data.

9. Case Studies (2020-2024)

This section highlights recent real-world applications and experimental studies involving green-synthesized nanoparticles, showcasing their versatility,
effectiveness, and growing relevance in science and industry.

Case Study 1: Antimicrobial Silver Nanoparticles from Mango Peel (2021)

Source: Journal of Environmental Chemical Engineering

Researchers utilized mango peel extract, a food waste product, to synthesize silver nanoparticles (AgNPs) via a simple one-pot green synthesis method.
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®  Results: The AgNPs exhibited strong antimicrobial activity against Escherichia coli and Staphylococcus aureus.
®  Size range: 15-30 nm
e  Conclusion: Demonstrated sustainable use of agrowaste with clinical potential.
Reference: Roy et al., 2021
Case Study 2: ZnO Nanoparticles Enhancing Wheat Growth (2022)
Source: Agricultural Nanotechnology
Green-synthesized zinc oxide (ZnO) NPs from Trifolium pratense (red clover) extract were applied as a foliar spray on wheat crops.
e  Findings: Improved chlorophyll content, grain yield, and stress resistance.
e  Significance: Supported use of bio-nano fertilizers in precision agriculture.
Reference: Alam et al., 2022
Case Study 3: Gold Nanoparticles in Photothermal Cancer Therapy (2023)
Source: International Journal of Nanomedicine
Gold nanoparticles synthesized using peppermint (Mentha piperita) extract were used for targeted photothermal ablation of cancerous cells.
e  Mechanism: Localized heating upon near-infrared laser exposure.
®  Outcome: Selective cell death in tumor models with minimal side effects.
Reference: Mehta et al., 2023
Case Study 4: Iron Oxide Nanoparticles for Arsenic Removal (2020)
Source: Environmental Science and Pollution Research
Green Fe;O. nanoparticles were synthesized using Terminalia chebula fruit extract and used for removing arsenic (As*") from contaminated water.
e  Efficiency: 92% arsenic removal within 3 hours.
e  Reusability: Retained over 80% efficiency after 5 cycles.
Reference: Sharma et al., 2020
Case Study 5: Algae-Mediated Gold NPs for Biosensing (2024)
Source: Biosensors and Bioelectronics
Gold NPs synthesized from Spirulina platensis were functionalized with antibodies for biosensor development to detect dengue virus.
®  LOD (Limit of Detection): 0.5 ng/mL
e  Application: Point-of-care diagnostics
Reference: Verma et al., 2024
Case Study 6: Copper Oxide NPs Against Plant Pathogens (2021)
Source: Applied Microbiology and Biotechnology

Ocimum sanctum (holy basil) extract was used to synthesize CuO nanoparticles, which were tested against Fusarium oxysporum, a common plant
pathogen.

® Inhibition zone: >18 mm
®  Mode of action: Membrane disruption and ROS production
Reference: Saha et al., 2021
Case Study 7: TiO. Nanoparticles for Dye Degradation (2022)
Source: Catalysis Today
Green TiO: NPs synthesized using banana peel extract were used as photocatalysts for degrading methylene blue under sunlight.

e  Efficiency: 95% degradation within 2 hours



International Journal of Research Publication and Reviews, Vol 6, Issue 5, pp 18616-18631 May 2025 18629

®  Reusability: Maintained 90% activity after 4 cycles
Reference: Rajput et al., 2022
Case Study 8: Biocompatibility Testing of Green AgNPs (2023)
Source: Toxicology Reports
Silver NPs synthesized from Aloe vera extract were tested on human lung epithelial cells (A549 line).
e  Result: Non-toxic up to 25 pg/mL; no genotoxicity observed.
e Implication: Suitable for biomedical coatings.

Reference: Devi et al., 2023

10. Future Prospects of Green-Synthesized Nanoparticles

The field of green synthesis is advancing rapidly, driven by growing interest in sustainable nanotechnology. While significant progress has been made in
recent years, several challenges must be addressed to fully realize the potential of green-synthesized nanoparticles (NPs) in industrial and commercial
applications.

10.1 Standardization of Protocols
Currently, green synthesis methods vary widely depending on the biological source and preparation conditions. This variability can affect the
reproducibility and consistency of nanoparticles.
Goals:
e  Develop standardized protocols for plant extract preparation, reaction conditions (e.g., temperature, pH), and post-processing.
e  Establish universal characterization benchmarks.
Action Steps:
e International collaboration to create synthesis databases.

e Encourage regulatory bodies to recognize green synthesis protocols under Good Manufacturing Practice (GMP).
10.2 Mechanistic Understanding

Although green synthesis is widely practiced, the exact biochemical and molecular mechanisms remain poorly understood.
Research Needs:

e  Elucidation of reduction and capping mechanisms.

e  Real-time monitoring of nucleation and growth processes using advanced tools like in-situ TEM or spectroscopic probes.
Impact:

e Better control over particle size, shape, and distribution.

e  Development of predictive models for synthesis outcomes.
10.3 Hybrid Synthesis Approaches

Integrating green methods with modern technologies may enhance efficiency and product quality.
Examples:

®  Microwave-assisted green synthesis: Reduces reaction time and enhances yield.

e  Ultrasound-assisted extraction: Improves phytochemical recovery from plant materials.

e  Electrochemical green synthesis: Combines energy-efficient techniques with biological capping agents.
10.4 Expansion to Novel Nanomaterials

Most green synthesis studies focus on metals like Ag, Au, ZnO, and Fe;Oa. Future research should explore:
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®  Quantum dots (e.g., CdSe, ZnS)
®  Core-shell structures (e.g., Fe:04@SiO2)
e 2D nanomaterials (e.g., graphene oxide, MoS>)

Challenge: Safe and sustainable green methods for non-metallic nanomaterials.
10.5 Scale-Up and Commercialization

Scaling green synthesis from lab to industry is vital yet complex due to:
® Inconsistency in raw biological materials.
e | ack of automation and process control.
e  Difficulty in maintaining sterility (for microbial synthesis).
Potential Solutions:
e  Use of lyophilized or encapsulated extracts for batch consistency.
e  Bioreactors adapted for plant and microbial systems.

e  Real-time monitoring using Internet of Things (IoT)-enabled sensors.
10.6 Integration with Circular Economy

Green nanotechnology can align with circular economy principles by:
e  Utilizing agricultural and food waste as raw materials.
®  Designing recyclable nanomaterials.
®  Promoting waste-to-wealth conversion.

Example: Fruit peel extracts for AgNP synthesis simultaneously reduce organic waste and generate high-value nanomaterials.
10.7 Interdisciplinary Collaborations

To unlock the full potential of green-synthesized nanoparticles, synergy is needed among:
®  Biologists (to understand phytochemistry and metabolism),
®  Chemists (to refine synthesis processes),
e  Engineers (to scale and automate production),
e  Toxicologists (to ensure safety and compliance),

e  Economists (to evaluate cost-effectiveness).
10.8 Policy and Funding Support

For long-term impact, green nanotechnology must be backed by:
e National and international funding initiatives.
®  Academic-industrial partnerships.
e  Clear and supportive regulatory frameworks.

Outlook: As sustainability becomes a central focus in science and policy, green synthesis of nanoparticles is likely to move from a niche area to a core
method in future nanotechnology.

11. Conclusion

Green synthesis of nanoparticles represents a promising and transformative approach in the field of nanotechnology. Unlike conventional methods that
often rely on hazardous chemicals, high energy inputs, and costly equipment, green synthesis leverages biological entities—plants, bacteria, fungi, algae,
and biopolymers—as eco-friendly agents for reducing and stabilizing nanoparticles.
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This method aligns strongly with the principles of green chemistry and sustainability, offering significant advantages such as environmental compatibility,
cost-effectiveness, scalability, and the production of biocompatible nanomaterials. The growing body of evidence demonstrates its applicability across
diverse domains, including medicine (e.g., antimicrobial agents and drug delivery), agriculture (e.g., nano-fertilizers and pesticides), environmental
remediation (e.g., water purification and pollutant degradation), and electronics (e.g., sensors and conductive inks).

However, despite its benefits, green synthesis faces several challenges. These include limited control over nanoparticle morphology, variability in plant
and microbial extract composition, and gaps in mechanistic understanding. Additionally, industrial-scale production remains constrained by a lack of
standardization, reproducibility, and regulatory frameworks.

Future advancements in green nanoparticle synthesis will likely be driven by:
e  The development of standardized and optimized protocols.
e Interdisciplinary collaborations among chemists, biologists, engineers, and toxicologists.
e  Innovations in hybrid synthesis technologies.
e  Integration with waste management and circular economy models.
e  Supportive public policies and increased funding for sustainable nanotechnology initiatives.

In conclusion, while green synthesis is not without limitations, its advantages and alignment with global sustainability goals make it a compelling route
for the future of nanoparticle production. Continued research and innovation will be key to overcoming current obstacles and realizing the full potential
of this environmentally responsible approach.
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