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Abstract

Chemistry plays a pivotal role in enhancing the quality of human life, whether it is in the
field of environmental science, pharmaceuticals, polymer industry, agriculture, or
material science. Every domain of research has a responsibility to adopt sustainable
practices due to its significance in environmental footprint. This review explores the
latest developments in green chemistry with respect to the synthesis of nanoparticles, due
to their importance in various fields such as biomedical, agriculture, electronics,
pharmacy, drug delivery, diagnostics, bioremediation, theragnostic, etc. It also highlights
green route strategies aimed at boosting sustainability and minimizing harmful
environmental impact during the synthesis of nanoparticles and nanocomposites. Key
areas of focus include innovative green synthetic methods, such as the use of green
solvents, sustainable or renewable resources for synthesis, and energy-efficient
technologies. Further, the role of nanoparticles synthesized via green synthetic route, is
examined for their contributions to more sustainable research. Additionally, the review
explores various ways of reducing the use of harmful chemicals, and presents a summary
of their successful practical implementations. Lastly, the various applications of green
synthesized nanoparticles are summarized. This review aims to offer a thorough
overview of how green chemistry is transforming synthesis of nanoparticles, offering
insights into both current achievements and future opportunities for enhancing
sustainability in this critical sector.
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1. Introduction
The concept of “Green Chemistry” introduced by “Paul Anastas and John Warner” aims to promote
eco-friendly chemical processes and products.[1], [2], [3] It consists of the designing of chemical
routes and procedures, for reduction or removal of the use of harmful chemicals and generation of
harmful products and by-products. Recently, green chemistry has attracted considerable attention
because of its emerging application in nanotechnology. This concept, has facilitated development
of functional nanomaterials with minimal waste. By utilizing greener approaches, such as the use
of renewable resources, researchers have discovered effective reducing agents, capping agents and
solvents that can be used for carrying out the synthesis via a green route. The most important and
key step in synthesis is selection of stabilizing agent/capping agent/ reducing agent and the
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solvent.[4] Stabilizing agent or capping agents are the compounds that prevent the aggregation or
coagulation of the nanoparticles during their synthesis thereby stabilizing them and inhibiting their
over growth. These are responsible for stabilization of the interface between nanoparticles and
their medium of synthesis. Reducing agents are the chemical compounds responsible for reduction
of ionic species/salt during nanoparticle synthesis. These can be either a chemical agent such as
NaBHs, DMSO; a plant extract; a biological agent or some irradiation source.

Nanoparticles have gained significant attention these days because of their distinctive properties
that differ from their bulky counterparts. These particles have their dimension in the range of 1-
100 nm (Inm=10°m). Due to their minute size, these particles possess large surface area-to-
volume ratio. This in turn is responsible for its extremely high reactivity, exceptional
physiochemical, optical, mechanical, optical, catalytic properties. Their transformative role in
everyday life in different domains cannot be overlooked. They have a vast contribution in fields
such as medical-target drug delivery,[5] improved diagnostics,[6] catalyzing various chemical
reaction,[7] environment remediation like water purification,[8] pollution control,[9] consumer
products like advanced cosmetics, production of sunscreen glasses,[ 10] automobile industries,[11]
enhancements in energy storage,[12] agriculture,[13], [14] construction[15] etc. With
advancements in research, the potential of nanoparticles continues to grow. There are different
ways in which nanoparticles can be synthesized. Conventionally, their synthesis can be broadly
categorized under two approaches: Top-Down approach and Bottom’s up approach.[16], [17] In
top-down approach, the synthesis starts from a bulky source that is reduced to the size of particles
in nanometer range. Bottom’s up approach assembles single atoms and molecules into larger
nanostructures. Both these approaches either involve a physical method (like Milling, Arc
discharge, Thermal/Laser Ablation, Sputtering, etc.) or chemical method (like Condensation,
Vapor deposition, Electrochemical deposition, Spray pyrolysis, Sol-gel method, Chemical etching,
co-precipitation)[ 18], [19] (Figure 1). The major limitations of these processes are: 1) Utilization
of toxic chemicals, 2) Generation of harmful by-products, 3) High energy consumption during the
process.[17] Thus, focus on biological or green routes of synthesis is gaining traction. These
methods make use of renewable or environmental-friendly sources such as plants[20], or microbial
synthesis using fungi,[20] algae,[21] bacteria,[22] and yeast.[23] These biological sources are
called “biofactories” which are used either intracellularly (i.e. within the cell) or extracellularly
(i.e, outside the cell; non-cellular component), for the synthesis of nanoparticles.[24] The
metabolites present naturally in these sources fulfill the purpose of stabilizing/capping agent and
also as reducing agent. This minimizes the use of chemicals that are added additionally as reducing
and stabilizing/capping agent.[25]
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Figure 1: Methods for Nanoparticles Synthesis

Over the past few decades, various nanoparticles have been identified and studied for their
potential applications. Based on the composition, these particles can be either inorganic
nanoparticles such as metal and metal oxide nanoparticles, organic nanoparticles like polymers,
dendrimers, micelles, ferritin, liposomes, etc. or carbon-based nanoparticles such as fullerenes and
quantum carbon dots. Inorganic nanoparticles have distinctive properties such as hydrophilic
nature, non-toxicity, biocompatibility and also higher stability than organic nanoparticles.[26],
[27], [28] Their distinct properties enable them to be used in imaging and diagnosis (medical),
optical sensors, polymer composites.[29], [30], [31], [32] Organic nanoparticles are non-toxic and
biodegradable in nature, but are susceptible to thermal and electromagnetic degradation. Most
common area of application of organic nanoparticles is thus for target drug delivery[26] and cancer
therapy.[33] Carbon based nanoparticles due to their unique shape and diverse properties are
utilized in various sectors. They hold a potential application in energy storage and production,
waste treatment, water treatment, biological fields, etc.[10] All these have been thoroughly
researched for their properties and other possible applications.

2. Green Synthesis of Nanoparticles

Green synthesis means synthesis of nanoparticles using a biological route. This synthesis can be
mediated by using aqueous extracts from plant materials, bacteria, fungi, algae, or yeast. This area
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has been widely explored by researchers for carrying out nanoparticle synthesis due to their
advantages, such as their eco-friendly nature, cost efficiency of the overall process,
biocompatibility, feasibility and better control on size and uniformity.[34] Ghorbani et. al. [35]
explored different biological route and non-biological routes for synthesizing silver nanoparticles.
The researchers tried to enlist the advantages and disadvantages in selection of biological and non-
biological routes.[35]

Numerous literature sources[34], [36], [37], [38], [39] have elaborated on the attempts made for
synthesizing nanoparticles in biofactories a summary of which has been described in this review.
2.1 Synthesis using plants and their extracts

The synthesis of nanoparticles using plants (Figure 2) involves the use of aqueous plant extract as
a reducing and stabilizing/capping agent and a metallic salt solution. Various metal-based
nanoparticles have been synthesized using this approach[40]. Siti et. al. explored the use of plant
extract via microwave assisted method for producing silver nanoparticles.[41] This study leverages
the waste from pineapple leaves, which are typically discarded, as a natural reducing and
stabilizing agent during the synthesis process. Ag nanoparticles (AgNPs) were synthesized by
reduction of silver nitrate (AgNO3) using aqueous leaf extract as source of reducing and capping
agent. 4 mL leaf extract was used and optimal concentration of silver nitrate required for the
formation of Ag nanoparticles was investigated by altering its concentration from 5 to 25 mM.
Effect of variation in different parameters such as incubation time, sample volume was also studied
along with effect of varying concentration of silver nitrate. Formation of the silver nanoparticles
was confirmed using UV-Visible spectrophotometer, Fourier- transform infra-red Spectroscopy
(FTIR), Field Emission Scanning Electron Microscopy (SEM), X-Ray diffraction (XRD). The
synthesized AgNPs demonstrated antimicrobial activity against E. coli, B. subtilis, and S. aureus,
with a minimum inhibitory concentration of 60 pg/mL for bacterial growth, serving as a promising
alternative to antiseptic agents in pharmaceutical field.[41] In yet another study, dragon fruit peel
extract was used for the synthesis of silver nanoparticles. The formation of particles was confirmed
by spectroscopic techniques and XRD. The information about the charge on the surface of the
particle and their stability in solution was furnished by zeta potential values. Zeta potential values
are the measure of the magnitude of electrostatic attraction or repulsion between the particles in a
dispersed system.[42] Shashank Shekhar et al. synthesized titanium oxide nanoparticles using
leaves’ extract from Azadirachta Indica (commonly known as neem tree).[43] X ray studies
confirmed the formation of polycrystalline titanium oxide nanoparticles. SEM furnished the data
concerning the shape and size of the particles and elucidated that the phytochemicals present in
plant extract worked as capping agent for stabilizing the particles. Further, a number of studies
prove that flavonoids and alkanoids present in plant extract work as reducing and capping agent
respectively during formation of nanoparticles.[30], [37], [44]
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Figure 2: Overview of nanoparticles synthesis using plant extract

2.2 Microbial synthesis of nanoparticles

Biological agents such as yeast, fungi, bacteria and algae have extensively been used as
biofactories for the nanoparticle’s synthesis. Numerous studies elaborate various attempts made
for synthesis using these biofactories. These biofactories serve as a cleaner, non-toxic and
environment-friendly method for synthesizing nanoparticles with high biocompatibility. These
biological entities function as templates for stabilization of nanostructures produced. The natural
polymeric compounds (biopolymers) present in the cells of these biofactories, prevent the
aggregation of nanoparticles produced. A study conducted by Riti T. Kapoor et al.[45] enlists
various metallic nanoparticles synthesized via microbial route and their possible mechanism of
synthesis. Their review elaborately discusses the synthesis of metallic nanoparticles using marine
microorganisms, virus, actinomycetes, bacteria,[22] algae,[46] yeast[23], and fungi[47] along with
the conditions and method of synthesis. It also discusses areas of applications of biogenic
nanoparticles. Jaison Jeevanandam et al.[48] published their findings on synthesis of metal and
metal oxide nanoparticles using microbial extracts emphasizing the advantages of biological routes
over conventional synthetic routes. The authors reported that the biomolecules and phytochemicals
present in microbes and plants respectively are the active compounds work as stabilizing and
reducing agents during synthesis of nanoparticles via greener route. Their study implies that
greener biosynthetic methods can significantly energy inputs and production costs in comparison
to the traditional routes of synthesis. They also identified various plant and microbial sources that
can work as effective reducing and stabilizing agents for nanoparticle synthesis. Bhupendra Koul
et al.[49] described the synthesis of silver, gold, nickel nanoparticles using species of bacteria’s
such as Bacillus sp., Pseudomonas sp., Acinetobacter sp., etc. Extracellular and intracellular
fabrication strategies of microbial synthesis of nanoparticles have been discussed. In the
intracellular process, metal ions are absorbed by microbial cells and transformed into nanoparticles
(NPs) by cellular enzymes within the cells. In contrast, during the extracellular process, metal ions
are captured on the cell surface, where cellular enzymes reduce them to create NPs outside the
cells. Vast literature survey[49] of the attempts made so far, based on these strategies have been
discussed.

The plant-based method, in comparison to the microbial synthesis, offers a significant advantage,
as it avoids the need for separate, complex procedures like isolation, development and preservation
of culture. Additionally, it is quicker, cost-effective and easier for scaling up to manufacture the
nanoparticles in bulk.[50], [51]
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3. Choice of reducing agent, capping agent and solvent for synthesis
3.1 Reducing agent
In the bottoms’-up approach, nanoparticles are formed through nucleation and growth processes.
The initial step involves reducing the metal ion precursors using a reducing agent. This process is
called as reduction reaction. It initiates the nucleation of metal atoms and subsequently promotes
the growth of these nuclei into metal nanoparticles. Hydrazine, amino borane complexes,[52], [53]
sodium borohydride,[54] dimethyl sulfoxide,[55] formaldehyde,[24] etc. are commonly used
reducing agents in synthesis of nanoparticles. Owing to their toxicity concerns, these can be
substituted by less hazardous reducing agents such as sodium citrate, polysaccharides, vitamin C,
citric acid, ascorbic acid[56] etc. These reducing agents are mild, cost effective and non-toxic in
nature.
3.2 Capping agent
Capping agents play a very crucial role in nanoparticles synthesis as the stability of particle is
dependent on them. These are basically amphiphilic molecules with a polar head and a non-polar
tail. The polar head coordinates with the metal atoms of the nanocrystals, whereas the tail interacts
with the surrounding medium. Commonly employed capping agents include ionic and non-ionic
surfactants and polymers. The assembly of nanoparticles is facilitated by various forces, such as
Van der Waals interactions, capillary forces, surface tension, hydrophobic interactions, and
hydrogen bonding.[46] Capping agents are used during colloidal synthesis (involves dispersion of
solid in liquid medium resulting in formation of a colloidal solution) to control the morphology of
the particle and also to prevent its aggregation, once it is formed. Utilization of non-toxic and
energy efficient capping agent, thus is an important step towards green revolution. Long chain
hydrocarbons with heteroatoms, such as oleic acid, linoleic acid, oleyl amine, etc. work as a great
capping agent due to strong binding with nanoparticles, but are less eco-friendly.[24] A
disadvantage of capping agent is that extensive procedure is required for its removal while
extraction of the desired nanoparticle. Thus, instead of using such capping agents, other agents
such as polymers, dendrimers, polysaccharides can be used.[24] The polymers can bind weakly
with synthesized nanoparticles, thereby reducing the complexities of cleaning of capping agent for
extraction of nanoparticles. Dendrimers, highly branched macromolecules can help in controlling
size distribution of synthesized nanoparticles.[24] Polysaccharides, being water soluble can act as
a potential capping agent, in presence of water as a solvent.[24] The weak interaction of
polysaccharides with nanoparticles, facilitate easy removal of capping agent post production. This
makes the process more energy efficient.[24]
3.3 Solvent
Selection of correct solvent is one of the most vital aspects in synthesis of nanoparticles. The ideal
solvent for synthesis via green route should be non-toxic. In this regard, water can be considered
as the most ideal solvent. Due to its wide availability, universal solvent properties and high
dielectric constant, water is the most preferred solvent in green synthesis of nanoparticles. It is the
preferred choice where solubilization of polar compounds is considered.[57], [58], [59] It also
plays a crucial role in nucleation and growth phases of synthesis of nanoparticles.[57], [58], [59]
Literature suggests use of other eco-friendly solvents as well like ionic liquids, supercritical fluids,
eutectic solvents, etc.[60], [61] Other commonly used green solvents are ionic liquids and
supercritical liquids. Ionic liquids are composed of ions that have melting points less than 100°C.
Advantages of using ionic solvents as secondary solvents, for the sub phases of synthesis are: 1)
good solubility for metal catalysts and polar organic compounds, thereby supporting biocatalysts,
2) work over wide temperature range due to constructive thermal stability, 3) modulation in
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solubility properties feasible by change of ions associated with them, 4) do not evaporate easily,
5) possess dual functionality.[57] Supercritical fluids are highly compressed fluids possessing
combined properties of liquids and gases. These possess densities equivalent to liquids and
diffusion equivalent to gases. They have also contributed significantly to the nanoparticle’s
synthesis. K. Byrappa et al.[62] reported use of supercritical fluids for the synthesis of metal and
metal oxide nanoparticles. Supercritical carbon dioxide (COz) is another universal solvent for
synthesis of nanoparticles. It can either be used in liquid form or in the form of supercritical COs.
It exists in a gaseous state at lower pressures and can turn into a liquid upon increasing the pressure.
When subjected to a temperature of 31°C and pressure of 7.38 kPa, it forms a supercritical
fluid.[60] Supercritical water (sc H>O) and supercritical CO; are most commonly employed
supercritical fluids for nanoparticle synthesis.[24]

Further, Eutectic solvents can be a good alternative for ionic solvents. These solvents are formed
by mixing two or three components bonded by a hydrogen bond. The final eutectic mixture has
melting temperatures lower than the individual components from which it is formed. It has a donor
and an acceptor of hydrogen bond.[63] Owing to their cost effectiveness, biodegradability, non-
toxic nature and easy synthesis, various attempts have been made for their use as green solvent in
synthesizing nanoparticles. Dr. Hong-Gang Liao et al.[64] reported using deep eutectic solvent
(DES) for synthesis of gold nanoparticles. DES are mixtures of Lewis/Bronsted acids and bases
that can form a eutectic mixture. It can be composed of different types of cations or anions. In
another study by Ying Huang et al.,[65] cuprous chloride (CuCl) nanoparticles were synthesized
using eutectic solvent. Lorenzo Gontrani et al.[66] have described the synthesis of zinc oxide
nanoparticles using deep eutectic solvents. The list of other common green solvents for synthesis

~ GREEN SOLVENTS

&

Terpenes

Figure 3: Choice of Green Solvents
4. Applications of nanoparticles
Green synthesized nanoparticles are gaining significant attention due to their potential in
contribution to wide-range of applications. From water treatment[67], [68] to agriculture[30], [69],
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[70] and medicinal field,(Balan et al., 2016; Haseeb et al., 2017) reinforcement for composites,(T.
Mishra et al., 2022) their sustainable role is very well studied. Few important applications, aligning
towards sustainability and achieving green chemistry goals are discussed below:

4.1 Antimicrobial activity: Several research groups have explored the antimicrobial property of
nanoparticles.[22], [73], [74], [75] Studies carried out by L. Wang et. al.[73] suggested use of
nanoparticles against traditional antibiotics for targeting bacteria. Excessive use of antibiotics has
led to emergence of bacterial strains with multi-drug resistance.[73] The exact antibacterial
mechanism of nanoparticles is yet to be explored. The most accepted mechanism includes
oxidative stress, releasing metal ions, and employing non-oxidative methods.[73] Because these
multiple mechanisms act simultaneously against microbes, developing antibacterial resistance
would necessitate several concurrent gene mutations within the same bacterial cell. This makes it
challenging for bacteria to become resistant to NPs. A number of other studies have reported
synthesis of metal nanoparticles possessing antibacterial, antifungal, antiviral activity. For
example, Jain et al.[76] and Ahmed et al.[77] reported antimicrobial activity of green synthesized
nanoparticles. In another study carried out by S. kazemi et al.[78] antimicrobial activity of various
metal and metal oxide nanoparticles, like iron nanoparticles (FeNPs), selenium nanoaprticles
(SeNPs), zinc oxide nanoaprticles (ZnONPs), cuprous oxide nanoparticles (CuONPs), titanium
dioxide nanoparticles (TiO2NPs) were elaborated. B. Buszewski et. al.[79] synthesized biogenic
AgNPs using an actinobacteria strain and studied its antimicrobial properties. They observed
synergistic effects when biogenic silver nanoparticles were used in combination with ampicillin,
tetracycline, against K. pneumoniae, S. aureus, and P. aeruginosa. Maiti et. al.[80] synthesized
silver nanoparticles via green synthetic route. The synthesized particles were tested for their
antimicrobial activity against E. coli strain of bacteria at varying concentrations of 0.2 to 100
png/ml. With increase in concentration of AgNPs, the bacterial concentration was found to decrease.
The growth of bacteria was completely inhibited at a concentration of 50 pg/ml.

4.2 Agriculture: The use of nanoparticles, particularly those synthesized via green routes, has
garnered significant attention in recent years for their contribution in the sustainable development
of agriculture. They have provided a means of replacing or reducing use of harmful chemicals for
enhancing growth of crops,(Zheng et al., 2005) insect and pest management,(Jiang et al., 2022)
increasing shelf life of the produce, preventing plant disease,(Jiang et al., 2022) improving the
yield,[82] and quality of the produce.[70] Zheng et. al.[69] compared the effect of titanium oxide
nanoparticles (TiO2 NPs) and bulk TiO2 on growth and development of Spinacia oleracea seeds.
The seeds treated with the NPs resulted in higher rate of photosynthesis, enhanced chlorophyll a
content, and 73% increase in dry weight. With decrease in size of the nanoparticles, the rate of
germination was found to improve. Optimal concentration of NPs required for growth promotion
was identified. Y. Jiang et. al.[81] reviewed the synthesis of metal-based nanoparticles and
summarized their use in field of agriculture. Use of metal NPs for seed priming, alleviating heavy
metal stress, antibacterial agents, plant growth have been summarized.

Afzal et. al.[82] synthesized iron oxide nanoparticles (FEONPs) using flower extracts of Cassia
occidentalis L. and studied their use for promoting rice seed germination, whereby the total soluble
sugar content was found to increase by 24% in the seedings as compared to the untreated seedings.
Rice seeds primed with FeO NPs at concentration of 20mg/L and 40mg/L showed a significant
improved seed germination and vigor. The study was compared to priming with ferrous sulphate
(FeSOs) and hydro-primed control. Seeds treated with 20mg/L NPs also exhibited 50% increase
in biophysical factors like root length and dry weight. In a study, Kasote et. al.[83] synthesized
iron nanoparticles (FeNPs) using onion extract. They studied the impact of seed priming with
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varying concentrations of FeNPs such as 20mg/L, 40mg/L, 80mg/L and 160mg/L on growth
parameters, photosynthetic pigments and metabolites profile of watermelon seeds (Citrullus
lanatus). The findings suggests that FeNPs treatment enhance antioxidant potential and also induce
jasmonic acid related defense mechanism in watermelon seeds. The treatment also modulated the
OPDA 12-oxo phytodienoic acid (OPDA) level in watermelon seedlings. OPDA accumulates
under stress condition and promotes seed dormancy. FeNPs priming helps to break seed dormancy
and promote growth. The level of OPDA decreases with increase in concentration of FeNPs
priming treatment.

Phosphorus, as essential element for plant growth, is available in soil but at times in form that
cannot be utilized. Use of nanoparticles for improving this uptake have received tremendous
attention in recent years. Sana Ullah et. al.[84] investigated impact of titanium oxide nanoparticles
(TiO2 NPs) on phytoavailable phosphorus in soil. The study revealed a significant increase of
63.3% in plant available phosphorus on treatment with 50mg/kg of TiO> NPs. The treatment also
enhances root and shoot length by 63 and 26%. In another study, Pratibha Acharya et. al.[85]
synthesized silver (AgNPs) and gold (AuNPs) suing onion extract. Their study compared the
impact of synthesized nanoparticles on seed germination, emergence and growth of onion seeds
with unprimed (i.e. untreated seeds, control) and hydroprimed seeds (i.e. water-soaked seeds,
followed by drying to control germination metabolism). Primed seeds showed a significant change
in emergence % in comparison to the control. There was an increase of 23.9% in average yield in
treated onion in comparison to the unprimed ones.

Nanoparticles are also known to regulate the expression of genes related to hormone synthesis in
plants. Wu et. al.[86] reported that nanoparticles can improve the plant antioxidant system
effectiveness. They can also eliminate excess reactive oxygen species (ROS), thereby alleviating
stress and supporting biological growth. Their study demonstrates use of cerium oxide
nanoparticles (CeOz) nanoparticles for scavenging ROS and enhancing chloroplast photosynthetic
performance in Arabidopsis thaliana plant.[86]

4.3 Treatment of wastewater: Use of nanoparticles for treatment of wastewater is yet another
widely explored domain. Material scientists have reported their use for the degradation of dyes
and heavy metals present in wastewater, thereby improving the quality of water. Chanchal Das et
al.[67] synthesized magnetite nanoparticles (FesOsNPs) using Jatropha curcas latex and
Cinnamomum tamala leaves, and studied its effect on wastewater treatment and for dye adsorption.
K. Rambabu et al.[68] synthesized zinc oxide (ZnONPs) nanoparticles using waste of Phoenix
dactylifera (date palm fruit) and studied its dye degradation properties in wastewater
treatment.[68] Photocatalytic degradation of hazardous dyes, methylene blue and eosin yellow was
studied. With use of ZnONPs, 90% degradation efficiency was achieved. The synthesized particles
were also studied for their antibacterial property against pathogenic bacteria. They showed strong
antibacterial property, evidenced by disc assay. Thus, these can be a potential candidate for
treatment of wastewater.

Ramakrishnan et. al.[87] used Ocimum tenuiforum leaf extract for the synthesis of silver
nanoparticles. Degradation of sulforhodamine B, an organic carcinogen, was studied in dark, using
the synthesized silver nanoparticles. The synthesized particles were found to be stable for a period
of two months from the date of synthesis. Their degradation activity against Rhodamine dye was
also explored and was found to be effective.[87] Yazdi et. al.[88] synthesized silver nanoparticles
using shoot of H. graveolens. In this work, the researchers evaluated AgNPs for treatment of
wastewater. They demonstrated significant capacity of AgNPs for removal of pollutants
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comprising of heavy metals and organic contaminants. Photocatalytic activity of AgNPs was
estimated through degradation study of methyl orange under visible light.[88]

Katata-Seru et. al.[89] used moringa oleifera leaves and seeds for the synthesis of iron
nanoparticles (FeNPs). A comparative study was carried out for removal of nitrate ions from
surface water and ground water using the prepared nanoparticles. A water-soluble substance
present in seeds of moringa oleifera makes it an ideal candidate for water treatment due to its
coagulation properties. Results showed that the removal efficiency increased at lower pH value.
The efficacy of (moringa oleifera seed-MOS) MOS-FeNPs outperforms the MOS extract alone,
achieving a removal rate of 85% compared to 43% for MOS. (Moringa oleifera leaves-MOL)
MOL-FeNPs exhibited a lower removal efficiency of 26% for groundwater and 70% for surface
water. Overall, MOS-FeNPs demonstrated promising potential for treating NO3~ contaminated
water, suggesting that both MOS-FeNPs and MOL-FeNPs could be effective alternatives for
various aqueous media.[89]

Punia et. al.[90] made a detailed comparison of different nanoparticles that have been so far used
for the removal of organic contaminants and heavy metals on the basis of removal efficiency, pH,
temperature, optimal concentration of the nanoparticles required and exposure time. A detailed
comparison of efficacy of various nanoparticles (such as ZnO, TiO, Si02, MgO, Ag, CoFe;04 &
NiFe;O4 etc.) for removal of different pathogens was also done.[90]

4.4 Biomedical applications: Various studies carried out by researchers suggests use of
nanoparticles in biomedical field for drug delivery,[91] cancer treatment,[26], [75], [92], [93], [94]
theranostic agents,[91] gene delivery,[26], [27] bioimaging[95], [96] and cancer therapy.[28], [37],
[57], [97]

Zia Ul Haq Khan et. al.[94] evaluated effect of green synthesized gold nanoparticles (AuNPs) for
their toxicity against breast cancer cells MCF-7. The analysis was done using various concentration
of gold nanoparticles: 6, 3, 1.5, 0.75, and 0.375 pL/mL. After two days of treatment with 3 and 6
pL/mL of the green-synthesized AuNPs. The cancer cells appeared rounded and exhibited signs of
cell death.[94] The cell membranes displayed a swollen appearance at various points, indicating
necrosis. The results revealed that approximately 50% of the cells died at a concentration of 1.5
pL/mL of AuNPs. Direct relationship between cytotoxicity and concentration of synthesized
nanoparticles used was observed. At a concentration of 100 pg/mL, the highest cytotoxic effect
(75%) was observed and the viability of MCF-7 cells was reduced to 25% at this concentration.
Mukherjee et. al.[91] summarized the theranostic (therapeutic and diagnostic) applications of
green synthesized nanoparticles for treatment of various diseases. The use of AuNPs is highly
appealing for biomedical applications because of their unique physicochemical properties, ease of
synthesis and surface modification at the nanoscale, biocompatibility, and various other
benefits.[91]

Rajesh Kotcherlakota et. al.[98] explored the applications of nanoparticles synthesized via greener
routes, for disease therapy and diagnostics. Green synthesized silver nanoparticles (AgNPs) have
been identified as an effective in various roles: anticancer agent,[92], [99], [100], [101]
antiangiogenesis i.e. suppression of cell proliferation,[99], [100], [102] wound healing i.e.
restoration of injured tissues[71], [103] and antidiabetic agents i.e. that acts on suppression of
secretary level of enzymes responsible for insufficient production of insulin and cause abrupt
increase in blood sugar levels.[72] Their use for bioimaging i.e. visualization of cellular
compartments for accurate disease diagnosis and biosensing[95], [96] have been widely explored.
The production of reactive oxygen species (ROS) was identified as the primary cause of the
cytotoxic effects of biosynthesized AgNPs.
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Akintelu et. al.[104] in their review, described the synthesis of copper oxide nanoparticles
(CuONPs) by physical, chemical and biological routes. Green synthesis using plant extract was
elaborated along with effects of experimental parameters on synthesis such as pH, temperature,
time. The anticancer activity of CuONPs synthesized by use of different copper salt was
summarized.[104] P.C. Nagajyothi et. al.[105] studied anticancer potency of CuONPs
biosynthesized from black bean extract, using the sulforhodamine-B assay. Alterations in
mitochondrial structure was observed upon incubation with CuONPs. Additionally, the growth of
cervical carcinoma cells was significantly inhibited when treated with these nanoparticles.

4.5 Catalysis: M. J. Ndolomingo et al.[106] described the use of various metal nanoparticles with
catalytic activity for various reactions. They explored the use of metal nanoparticles, in particular,
gold, copper, palladium, platinum, silver, cobalt, nickel, ruthenium, for oxidation and
hydrogenation reactions. The quantum size effect i.e. size induced metal-insulator transition, is
responsible for the characteristic property of particles in nano range. With the reduction in size of
particles in nano range, percentage of atoms increase on the surface than bulk, subsequently
increasing surface to volume ratio. This in turn is responsible for providing higher number of active
sites on surface and hence the catalytic capacity increases. Effective use of copper nanoparticles
for oxidation of methylene blue,[7], [107] gold nanoparticles for liquid phase oxidation of benzyl
alcohol to benzaldehyde,[7], [108] platinum nanoparticles for catalyzing hydrogen evolution
reactions in fuel cells,[109] etc. have been reported.

Srinivasarao Sunkari et. al.[110] carried synthesis of AuNPs using papaya leaf extract and
chloroauric acid (HAuCls). Catalytic activity of synthesized AuNPs for reduction of 4-nitrophenol
to 4-aminophenol was studied. The rate of reaction was found to increase with increase in
concentration of AuNPs.[110]

Jinhui Wei et. al.[111] studied catalytic degradation of organic pollutants by use of metal organic
frameworks (MOFs) was explored. MOFs comprises of assemble of metal ions and ligands. These
are crystalline materials with extremely high porosity and high surface areas. Thus, these act as
very good adsorbent. Presence of numerous active sites in MOFs makes them potential agent to
catalyze the degradation of organic pollutants. Use of MOFs for the degradation of pollutants in
dye and pharmaceuticals was reported.[111] H. Kolya et. al.[112] synthesized AgNPs by reduction
of silver nitrate using Amaranthus Gangeticus Linn (Chinese red spinach) leaf extract. Degradation
of a non-biodegradable, toxic azo dye, Congo red was studied using the synthesized silver
nanoparticles. The progress of the degradation was monitored using UV-Visible
Spectrophotometer. The absorption peak was found to gradually decrease with time and ultimately
vanishes on treating with the AgNPs. The time of degradation was significantly got reduced due
to AgNPs and got complete within few minutes of treatment.[112]

In another study, Sulaiman A. Alsalamah et. al.[113] created CuONPs using Zygnema moss.
Photocatalytic role of the synthesized copper oxide nanoparticles was studied for degradation of
reactive red (RR195) and reactive blue dyes. Optimal degradation was found to be 84.66% and
90.82% respectively at 40°C and 75 minutes.[113]

Neel Narayan et. al.[114] in their comprehensive review discussed the role of noble-metal
nanoparticles (like Au, Pt, Ag) and non-noble-metal nanoparticles (such as Fe, Cu, Ni, Co) as
efficient catalysts. Studies by Haruta and Hutchings,[115] demonstrating the effectiveness of gold
nanoparticles for CO oxidation marks a notable breakthrough in catalytic research. It prompted
additional research onto various metal supported catalysts. However, the high cost and toxicity of
noble metals have driven research toward non-noble-metal alternatives, which are abundant,
environmentally friendly, and stable. The authors also highlighted the importance of developing
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robust and eco-friendly catalysts for achieving green chemistry goals. They also differentiated
homogeneous and heterogeneous catalysts, concluding that heterogeneous catalysts are generally
more effective. This is due to superior dispersion and greater active site availability. However,
separating them after reactions poses challenges.[115] Figure 4 illustrates applications of
nanoparticles in varied domains.
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Figure 4: Applications of Nanaoparticles
5. Conclusion and Future Outlook

To summarize, different biological or environment-friendly methods for nanomaterials synthesis
and their applications in different domains was discussed. Although a number of physical and
chemical methods are available for the nanomaterial production, at present, biological methods are
preferred more. This is because of their non-hazardous nature in comparison to the other methods
involving excess use of chemicals. Few key factors (like expensive chemicals, higher energy
consumption and toxicity) makes the use of chemically produced nanomaterials unfavorable.
Therefore, there arises a need for biocompatible, greener and economical approaches for the
production of NPs.[34] Use of plants-based extracts, naturally obtained polysaccharides and
microbes are the preferred resources for meeting the demand for sustainability.

Synthesis of nanoparticles via green chemistry techniques is an important emerging area towards
sustainable nanotechnology. It will not only help in achieving the sustainable goals but can open
new areas where the potential applications of the synthesized particles can be explored. Though
green synthesis provides a promising path towards sustainability, it does have few challenges for
the researchers to overcome in future. The major challenge with adopting the green synthesis is
selection of starting material for synthesis, complexity in its processing, product optimization, and
providing the necessary conditions for growth (in case microbial route is adapted) during scale up.
It gives better opportunity for future researchers for carrying detailed investigations regarding

APPLICATIONS OF
NANOPARTICLES
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sources which can be utilized for synthesis of nanoparticles via green route, ways of optimizing

the process for mass production of particles without compromising the efficacy of the process,

optimizing microbial pathways for synthesis and studying the long-term impact of green

synthesized nanoparticles on environment. Further research efforts should be made on grasping

the concepts and mechanisms related to biological and economic production of nano systems

utilizing plant sources and microorganisms.[52]
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