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Abstract
A sustainable, environmentally responsible, and financially feasible substitute 

for traditional nanoparticle (NP) synthesis techniques that frequently demand 
dangerous chemicals, significant energy inputs, and non-renewable resources is 
green synthesis, which is based on the ideas of green chemistry. This method uses 
biological organisms as natural reducing and stabilizing agents to create metal and 
metal oxide NPs (MONPs), including bacteria, fungi, algae, and plant extracts. 
These physiologically mediated processes improve control over NP size, shape, 
and biocompatibility while simultaneously lowering environmental toxicity. A 
wide range of industries, including food technology, agriculture, environmental 
remediation, and medicine, use green-synthesized NPs. While NPs help with 
intelligent packaging, preservation, and real-time safety monitoring using nano-
sensors in the food business, they also enhance nutrient delivery, disease man-
agement, and soil remediation in agriculture. Problems such possible toxicity, NP 
migration, and regulatory uncertainty still exist in spite of their benefits. Green 
synthesis, however, has great potential to advance sustainable nanotechnology 
by resolving the significant drawbacks of conventional synthesis techniques and 
bringing industrial innovation and environmental stewardship into harmony.
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Introduction
Green synthesis, also known as green chemistry, is a movement towards 

greener and more environmentally friendly strategies in chemical manufacturing 
and material synthesis. Unlike conventional chemical procedures, which tend to 
involve toxic chemicals, poisonous solvents, and energy-consumptive processes, 
green synthesis endeavors to eliminate or reduce the use of harmful chemicals, 
lower energy intake, and utilize renewable resources [1, 2]. Conventional chemical 
procedures are likely to produce high levels of waste, pollution, and toxic by-prod-
ucts, which represent major environmental threats [3]. Green chemistry instead 
focuses on the design of chemical reactions that are both economically sound 
and environmentally friendly [4]. The fundamental concept of green synthesis is 
to reduce the environmental impact of industrial processes without the sacrifice 
of efficiency and efficacy. These include minimizing the use of toxic or dangerous 
solvents, substituting toxic reagents with less toxic, renewable substitutes, and 
process design for maximum utilization of raw materials with minimized waste 
generation and overall chemical production sustainability [5]. The origin of green 
synthesis dates back to the 1990s when there was widespread concern regarding 
pollution, resource losses, and hazards posed by hazardous chemicals in indus-

https://doi.org/10.17756/jfcn.2025-s2-006
mailto:shyamajudiya2003@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Journal of Food Chemistry & Nanotechnology  |   Volume 11 Supplement 2, 2025 S55

Green Synthesis of Metal Oxide Nanoparticles and Their Applications in Food Packaging, Processing, and Agriculture: A Critical Review Ajudiya et al

Drawbacks of synthesis using conventional methods

High energy consumption: Conventional methods such 
as ball milling, chemical vapor deposition (CVD), and sol-gel 
processes often require high temperatures, pressures, and pro-
longed reaction times. These conditions lead to significant en-
ergy consumption, making the synthesis process expensive and 
environmentally unsustainable. For example, CVD requires 
temperatures above 800 °C, which is energy-intensive and not 
feasible for large-scale production.

Use of toxic chemicals: Many conventional methods rely 
on toxic chemicals, solvents, and reducing agents. For instance, 
chemical reduction methods often use sodium borohydride 
(NaBH4) or hydrazine (N2H4), which are hazardous to human 
health and the environment. These chemicals can contaminate 
water sources and pose risks to laboratory workers.

Poor control over size and shape: Conventional methods 
often lack precision in controlling the size, shape and mor-
phology of NPs. For example, in chemical precipitation, the 
rapid mixing of reactants can lead to uneven particle sizes. This 
inconsistency affects the NPs' optical, electrical, and catalyt-
ic properties, fritting their application in sensitive fields like 
medicine and electronics.

Aggregation and stability issues: NPs synthesized using 
conventional methods often aggregate due to their high sur-
face energy. This aggregation reduces their surface area-to-vol-
ume ratio, diminishing their effectiveness in applications like 
catalysis and drug delivery. Stabilizing agents such as surfac-
tants or polymers are often required, which can complicate the 
synthesis process and introduce impurities.

Low yield and scalability issues: Many conventional 
methods, such as laser ablation and are discharge, have low 
yields and are difficult to scale up for industrial production. 
For example, laser ablation produces a limited number of NPs 
per batch, making it unsuitable for large-scale manufacturing. 
This limitation hinders the commercialization of NP-based 
products.

Environmental pollution: Conventional synthesis meth-
ods often involve non-renewable resources and generate harm-
ful by-products. For instance, the sol-gel process produces large 
amounts of organic waste, while chemical reduction methods 
release toxic gases. These practices contradict the principles of 
green chemistry and contribute to environmental degradation.

tries, leading to a demand for cleaner, greener alternatives. The 
Bhopal gas tragedy in 1984 was one of the benchmark events 
that revolutionized the field of green chemistry by revealing 
the devastating effects of uncontrolled chemical processes. 
This tragedy brought into focus the necessity for improved 
safety regulations, cleaner technologies, and more responsible 
industrial practices. In reaction to such issues, Paul Anastas, a 
prominent green chemistry figure, introduced the term "green 
chemistry" in 1991. With John Warner, Anastas formulat-
ed the 12 Principles of Green Chemistry in 1998 [6] which 
offered a guideline for directing the design and execution of 
sustainable chemical processes. These guidelines place a focus 
on ideas like atom economy (optimal utilization of raw mate-
rials), waste avoidance (prevention of the formation of toxic 
by-products), use of safer solvents and auxiliaries, and energy 
efficiency. These guidelines went on to serve as the cornerstone 
for green synthesis, providing a systematic method to mini-
mize the ecological footprint of chemical manufacturing.

Green synthesis has become increasingly popular over 
the last few years as it can address global issues like pollu-
tion, resource loss, and climate change. It has been used in 
numerous applications in the fields of nanotechnology, phar-
maceuticals, material science, and agriculture. For example, in 
the process of synthesizing NPs, plant extracts, microbes, and 
other natural sources are being widely employed as reducing 
or stabilizing agents, taking the place of poisonous chemicals 
used in the process in the past [7]. Not only has this ensured 
NP production to be environmentally cleaner, but it has also 
led to greener routes for producing electronics, sensors, and 
biomedical devices [8]. In the field of pharmaceuticals, the 
principles of green chemistry are being utilized to decrease de-
pendence on hazardous solvents and reagents and thus make 
drug manufacturing safer and greener [9]. In agriculture, green 
synthesis is used to formulate environmentally friendly biode-
gradable pesticides and fertilizers that are less toxic to the en-
vironment [10]. A variety of methods for raising food quality 
and flavor are made possible by nanotechnology. Techniques 
for nanoencapsulation have been widely employed to enhance 
taste release and retention as well as provide culinary balance 
[11]. Nanosensors assist in the detection of any changes in the 
food's color as well as the production of any gases brought on 
by rotting. Gases like hydrogen, hydrogen sulphide, nitrogen 
oxides, sulphur dioxide, and ammonia are often detected by 
the sensors [12]. Finally, green synthesis is in line with the 
increasing worldwide need for more environmentally friendly 
industrial processes, as industries, governments, and scientists 
look for means to minimize their carbon footprint, enhance 
waste management, and reduce reliance on non-renewable re-
sources. Through the integration of green chemistry principles 
into industrial processes, green synthesis is paving the way to-
wards a greener future, promoting the creation of technologies 
that are conducive to environmental health without compro-
mising industrial advancement and economic development 
[13]. 

There are several methods to synthesis nanomaterials, 
which are classified into three approaches like top-down ap-
proach, bottom-up approach and green synthesis method. Fig-
ure 1 illustrates classification of various synthesis methods.

Figure 1: Classification of synthesis methods for NPs.
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High cost of equipment and maintenance: Conventional 
methods require expensive equipment and specialized facili-
ties. For example, CVD and laser ablation systems are costly 
to install and maintain. Additionally, further increasing the 
overall cost of NP synthesis.

Limited biocompatibility: NPs synthesized using conven-
tional methods may not be biocompatible, limiting their use in 
biomedical applications. For example, residual toxic chemicals 
from chemical reduction methods can cause adverse effects in 
biological systems, such as inflammation or cytotoxicity. This 
issue is particularly critical in drug delivery and diagnostic ap-
plications. Limitation of conventional methods is summarized 
in table 1.

In the fields of food science, nutrition, and packaging, 
nanotechnology has become a game-changing instrument 
that provides creative solutions to pressing problems pertain-
ing to food safety, quality control, preservation, and environ-
mental sustainability [14, 15]. The use of MONPs, such as zinc 
oxide (ZnO), titanium dioxide (TiO₂), copper oxide (CuO), 
silver (Ag), and cerium oxide (CeO₂), in these technologies is 
interest of the researchers [16, 17]. As these NPs have shown, 
improving the functional characteristics of food packaging 
systems. It has been demonstrated that adding these NPs to 
packaging materials increases their mechanical strength, bar-
rier effectiveness, and antimicrobial properties [18, 19]. This 
increases food product shelf life and guarantees higher safety 
standards. The creation of sustainable packaging substitutes for 
traditional plastics is further advanced by the combination of 
MONPs with biodegradable and bio-based polymers like chi-
tosan and nanocellulose [20, 21]. At the same time, real-time 
food quality and microbiological contamination monitoring is 
made possible by the integration of MONP-based nanosen-
sors into intelligent packaging systems, which advances active 
and smart packaging technologies [22]. The development of 
functional meals with additional health benefits is supported 
by the targeted distribution and improved bioavailability of 

nutrients and bioactive chemicals made possible by nano-en-
capsulation techniques [23]. The broad use of nanotechnol-
ogy in the food industry is hampered by a number of issues, 
notwithstanding the notable developments. The necessity for 
thorough safety assessments is highlighted by worries about 
the possible migration of NPs into food matrices, their long-
term toxicological effects, environmental persistence, and in-
teractions within the human gastrointestinal system [24]. In 
addition, there are still unanswered questions about consumer 
acceptance, regulatory ambiguities, and the viability of large-
scale, ecologically friendly synthesis techniques, especially in 
low- and middle-income nations. Therefore, even if nanotech-
nology has a lot of potential to transform food systems, its 
effective integration may require a well-rounded strategy that 
encourages creativity while guaranteeing strict safety evalua-
tion, legal compliance, environmental stewardship, and moral 
accountability [25, 26]. Some of the metal and MONPs men-
tioned in table 2 which are useful for food sectors.

The use of nanotechnology in agriculture signifies a para-
digm change in the direction of resilient, accurate, and sustain-
able food production systems. In order to address agricultural 
challenges through improved nutrient delivery, stress miti-
gation, and environmental remediation, the reviewed studies 
emphasize the diverse roles of metal and MONPs, including 
Ag, CuO, ZnO, iron oxide, and TiO₂ [27, 28]. The applica-
tion of nanofertilizers, which increase nutrient-use efficiency 
and reduce environmental losses, is one of the most extensive-
ly researched topics. By allowing for the gradual and focused 
release of nutrients to plants, these materials lessen runoff, 
volatilization, and leaching. According to studies, when plants 
are nutrient-deficient, nano-formulated nutrients work better 
than conventional fertilizers by boosting absorption and fos-
tering plant vigor [29, 30].

In terms of biotic stress management, metal-based NPs 
like AgNPs and CuONPs have strong antibacterial and pesti-
cidal characteristics that disrupt plant pathogens' cellular ma-

Table 1: Summarization of limitations of conventional methods.

S no. Drawbacks Description Example

1 High energy consumption Conventional methods require high temperature, pressures 
and long reaction times, thus leading to high energy usage CVD (requires temperature > 800 °C)

2 Use of toxic chemicals Many methods use harmful chemicals that pose risks to 
human health and environment NaBH4 in chemical reduction methods

3 Poor control over size and 
shape

Lack of precision in controlling NPs properties affects their 
performance in sensitive applications

Chemical precipitation (rapid mixing causes 
uneven particle sizes)

4 Aggregation and stability 
issues

High surface energy leads to aggregation, reducing the 
effectiveness of NPs

NPs in catalytic or drug delivery systems (aggre-
gation reduces performance)

5 Low yield and scalability Some methods have low yields and are difficult to scale for 
industrial production Laser ablation (limited NPs per batch)

6 Environmental pollution Conventional methods often generate harmful waste and 
emissions that harm the environment Sol-gel process (organic waste production)

7 High cost of equipment and 
maintenance

Expensive equipment and specialized facilities are required, 
which are rising costs CVD and laser ablation (high equipment costs)

8 Limited biocompatibility NPs made by conventional methods may be toxic or cause 
adverse biological effects Residual chemicals causing inflammation
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chinery. Rajpal et al. [31] found that such NPs not only lower 
pest populations but also boost plant immune responses by in-
ducing reactive oxygen species (ROS) and activating stress-re-
lated genes [31]. Furthermore, nanosensors integrated into 
crop systems enable real-time detection of diseases and nutri-
tional deficits, hence promoting precision agriculture methods 
[31, 32]. Another important area of research is the potential of 
nanomaterials for cleanup. Heavy metals, agrochemicals, and 
organic contaminants can be effectively removed from soil and 
water systems using materials like graphene oxide, charcoal, 
zero-valent iron (nZVI), and nano-clays. Through adsorption, 
redox processes, and catalysis, these nanomaterials interact 
with pollutants; in certain investigations, they have achieved 
removal efficiencies of over 90%. This has significant ramifi-
cations for lowering pollution in the environment caused by 
excessive use of fertilizer and pesticides [30, 33].

The literature also notes a number of ecological and toxi-
cological issues in spite of these advantages. Overuse or poorly 
designed NP applications can harm soil microbiota, prevent 
seed germination, and cause oxidative stress in plants. Accord-
ing to Xu et al. [34], for example, MONPs increase rice yield 
and stress tolerance, but if used excessively, they can also result 
in oxidative damage and hormonal abnormalities. Similarly, 
Rastogi et al. [35] pointed out that by generating ROS and 
inhibiting enzymes, NPs could disrupt photosynthesis and 
respiration in plants. Many elements, including particle size, 
coating, soil pH, organic matter, and ambient variables, affect 
the behavior and destiny of NPs in agroecosystems. Chen [36] 
stated the importance of knowing how these parameters affect 
NP transport, bioavailability, and accumulation in plant tissues 

and soils. In table 3, tabulated different areas of application 
where NPs can be more useful in agriculture.

Green synthesis techniques that use biological templates 
like plant extracts, which lower toxicity and increase biocom-
patibility, are being used as part of efforts to increase safety 
and scalability. These practices are becoming more popular in 
both rich and developing nations, and they are consistent with 
the ideas of sustainable agriculture. Last but not least, two 
major obstacles to the broad use of agricultural goods offered 
by nanotechnology are regulatory and public knowledge gaps. 
The evaluation of the long-term ecological implications of NP 
use is complicated by the existing absence of field-level safety 
studies and defined risk assessment methodologies [37, 38].

Green synthesis
Green synthesis of NPs is a new, eco-friendly approach 

based on natural materials like plants, microbes, and biopoly-
mers for synthesizing NPs. When compared with convention-
al chemical processes, which are generally derived from toxic 
reagents and produce harmful waste, green synthesis is a green 
chemistry-guided eco-friendly route. Plants contain reducing, 
stabilizing, and capping agents, and are potential candidates 
for synthesizing an enormous range of NPs like metal, MO, 
and hybrid nanoparticles. Besides reducing the ecological 
footprint, the green approach is also distinguished by unique 
advantages like low cost and biocompatibility. In this article, 
we introduce the different plant-mediated approaches for NP 
synthesis and their possible applications from medicine to en-
vironmental cleaning.

Table 2: Materials (NPs) studied in different food areas.

Paper title Focus area Materials 
studied Applications Advantages Challenges

Recent innovations in 
metal-based NPs for food 

packaging

Safety and envi-
ronmental impact 

of MONPs in food 
packaging

Ag, Cu, ZnO, 
TiO₂

Active, intelligent 
packaging

Strong antimicrobial, gas 
barrier, ultraviolet protection

Toxicity, environ-
mental impact, 
regulatory gaps

Advancements in MO 
bio-nanocomposites for sus-

tainable food packaging

MO bio-nanocom-
posites for food 

packaging

ZnO, TiO₂, 
CuO, Ag, car-
bon nanotubes 

(CNTs)

Antimicrobial 
packaging, improved 
mechanical/barrier 

properties

Enhanced shelf life, 
eco-friendly, biodegradable

Migration, scalability, 
cost

Enhancement in food packag-
ing via metal nanomaterials

Innovations and 
future of active 

packaging

Ag, ZnO, CuO, 
TiO₂

Mechanical, thermal, 
antimicrobial, barrier

Shelf life, safety, smart 
packaging

Regulations, toxicity, 
cost, scale-up

Synthesis and applications of 
ZnO, CuO, CeO₂ NPs

Synthesis and applica-
tions of MONPs

ZnO, CuO, 
CeO₂

Agriculture, pharma, 
food packaging

Biocompatibility, green syn-
thesis methods

Toxic chemical 
methods, reproduc-

ibility

MO-nanocellulose compos-
ites

Intelligent and active 
packaging using 

nanocellulose

ZnO, TiO₂ + 
nano-cellulose

Shelf-life extension, 
smart indicators

Mechanical strength, biode-
gradability

NP migration, regu-
latory issues

Metallic and MOs NPs for  
pathogen sensing

Nanosensors for food 
safety

Au, Ag, ZnO, 
CuO

Detection of Esche-
richia coli, Salmonella

High sensitivity, quick 
response

Integration into 
packaging, cost

Role of nanotechnology in 
food processing

Nanotech in food 
preservation

Various 
MONPs, nano-

capsules

Food safety, shelf-
life, packaging Antimicrobial, antioxidant Public perception, 

cost, toxicity

Nanoencapsulation of food 
ingredients

Encapsulation of nu-
trients using nanotech

Liposomes, 
MONPs

Delivery of nutrients, 
fortification

Improved bioavailability, 
stability

Nutrient interaction, 
food compatibility

Dominance of MOs in 
nanotech

General applications 
of MONPs

TiO₂, Vana-
dium dioxide 

(VO₂)

Photocatalysis, smart 
packaging, sensors

Stability, reactivity, photo-
active

Limited to TiO₂ and 
VO₂ focus
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Plant based green synthesis

Plant mediated green synthesis of NPs is increasingly 
gaining momentum as it is cost-effective, easy, and environ-
mentally friendly. Unlike traditional synthesis involving toxic 
chemicals and excessive energy, plant mediated synthesis uses 
plant extract rich to convert metal salts (gold (Au) chloride, 
Ag nitrate) into NPs and prevent aggregation [39]. The pro-
cess starts with the pre-treatment of a plant extract, which is 
blended with a solution of a metal salt to trigger the reduc-
tion of metal ions. It is a room-temperature process and hence 
energy-conservation. The most striking advantage is the envi-
ronmental friendliness, as it substitutes toxic chemicals with 
non-toxic plant material, thus minimizing environmental im-
pact. Additionally, it is cost-saving as plant material is easily 
accessible and cheap [40]. The plant-mediated route offers a 
high level of control over the size, shape, and surface features 
of the NPs, which is critical for applications in medicine, such 
as drug delivery and imaging. The thus prepared NPs have ex-
tensive applications in medicine, environmental clean-up, and 
agriculture. AgNPs, for example, are sure to be antimicrobial 
in nature, which makes them crucial for wound healing, and 
AuNPs are investigated for drug delivery and diagnostic im-
aging [41, 42]. 

In the environmental sector, plant-synthesized NPs help 
in water purification and pollutant degradation, while in agri-
culture, they are used as bio-pesticides and growth stimulants 
[43]. Desai et al. [44] reported copper ferrite (CuFe2O4) NPs 
synthesis using Pongamia pinnata plant leaves and suggested 
that the copper nano ferrites can be used as catalyst for oxi-
dative decarboxylation of phenyl acetic acid derivatives [44]. 
Chandrani et al. [45] synthesized cobalt ferrite nano NP gin-
ger root extract and performed phenol red dye degradation 
(Figure 2 shows schematic diagram of photo catalytic mecha-
nism) which is suggested cobalt ferrite nano particles are good 
photo catalyst [45]. Nabi et al. [46] synthesized lemon peel 
extracted TiO2 NP and studied their photo catalytic activity. 
Some MOs are synthesized using different plant extracts and 
their applications are tabulated in table 4.

Bacterial based green synthesis

Bacterial synthesis of NPs is a new and very promising 
green chemistry method that provides a sustainable, environ-
mentally friendly, and cost-effective pathway for NP synthesis. 
In contrast to traditional methods using toxic reagents, high 
temperatures, and energy-costly processes, bacterial synthesis 
employs microorganisms to reduce metal ions and produce 
NPs under mild conditions. The process leverages the intrinsic 
metabolic processes of bacteria, thus being not only environ-
mentally friendly but also scalable to industrial processes. Bac-
terial synthesis is especially useful in that it eliminates the use 
of toxic reagents, minimizes the requirement for high energy 
inputs, and produces NPs that are biocompatible, thus very 
suitable for medical and environmental applications [58]. 

Bacterial NPs are synthesized by intracellular and extra-
cellular processes. In intracellular synthesis, metal ions are 
brought inside the bacterial cell, where intracellular com-
pounds and enzymes reduce them to produce NPs inside the 
cell. Intracellular synthesis has been carried out successfully 
in bacteria such as Pseudomonas stutzer, Escherichia coli, and 
Bacillus cereus, which have been shown to store nanoparti-
cles in their cell structures. Extracellular synthesis is achieved 
through secretion of enzymes or metabolites by bacteria out-
side into the external environment, where metal ion reduction 

Table 3: NPs used in various agricultural sectors.

Area of application NPs used Key benefits Risks/Challenges Recommendations

Nano-fertilizers ZnO, Fe₂O₃, TiO₂, 
CuO, nZVI

Enhanced nutrient use efficien-
cy-controlled release-reduced leaching

Phytotoxicity at high dose-en-
vironmental accumulation

Optimize dosage and use 
green synthesis techniques

Pest and disease control AgNPs, CuO, ZnO, 
TiO₂

Antimicrobial action-pest repel-
lent-pathogen suppression

Resistance development-soil 
microbial imbalance

Field validation and safe 
delivery mechanisms

Nanopesticides
Ag, Cu, Zn, sili-

ca-based nanoma-
terials

Enhanced pesticide efficiency-re-
duced chemical use

Non-target effects-bioaccu-
mulation

Regulate application levels 
and toxicity profiles

Nanosensors AuNPs, ZnO, QDs, 
CNTs

Real-time stress/pathogen detec-
tion-precision farming support High cost-sensor degradation

Encourage integration with 
internet of things and smart 

farming systems
Seed priming and 

germination
Fe₂O₃, CuO, ZnO, 

TiO₂
Faster germination-uniform seedling 

growth
Hormonal disruption-ROS 

toxicity
Use low-concentration 

bio-compatible coatings

Soil remediation
nZVI, nano-clays, 
graphene oxide, 

biochar

Heavy metal removal-organic pollut-
ant degradation

Long-term fate in soil is 
unclear

Use biodegradable nanomate-
rials; monitor persistence

Biotic stress manage-
ment

Metal and MONPs 
(Fe, Cu, Zn, Ag)

ROS induction-stress-related gene 
activation

Oxidative damage to plant 
tissues

Use in stress-tolerant crop 
breeding programs

Figure 2: Mechanism of photocatalytic activity.
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and nanoparticle formation take place outside the bacterial 
cells. Extracellular synthesis offers a more convenient recovery 
and purification method of nanoparticles as the particles are 
formed in the medium and can be easily recovered [59].

Bacterial NP synthesis can be utilized to synthesize 
nanoparticles of a range of materials, including Au, Ag, copper, 
and selenium. These NPs are used for a range of applications 
in various areas. For instance, Ag NPs produced by bacteria 
have been reported to be antimicrobial and are thus promis-
ing agents for novel antibacterial therapies, especially wound 
healing and coatings of medical devices. In the environment, 
bacteria-synthesized NPs have been discovered to be effective 
in the treatment of wastewater because they can be utilized for 
the removal of heavy metals, dyes, and other pollutants. More-
over, NPs can be used in bioremediation procedures, whereby 
bacteria are utilized for the breakdown of toxic substances in 
the environment. In agriculture, bacteria-synthesized NPs are 
being studied for their capability to enhance plan growth act 
as bio-pesticides and protect plants from a range of pathogens 
[60]. Examples of bacterial based synthesis are shown in table 
5.

Advantages of bacterial NP synthesis are the ability to 
control the size, shape, and surface properties of the NPs, 
which are of utmost relevance to specific applications. Also, 
bacteria can be engineered genetically to produce NPs with 

specific surface properties, i.e., the surface area of NPs can be 
enhanced, and they become useful in drug delivery systems, 
biosensors, and environmental clean-up. With further studies, 
bacterial NP synthesis holds great promise for a wide variety 
of industrial, biomedical, and environmental applications and 
provides a cleaner approach than conventional methods of NP 
synthesis [61].

Fungal based green synthesis

Fungal NP synthesis represents a fast-evolving, highly 
promising green chemistry process with a sustainable, environ-
mentally benign, and cost-efficient method of nanomaterial 
preparation. In contrast to otherwise toxic chemical reagents, 
high temperatures, and energy-hungry protocols needed for 
traditional methods, fungal synthesis employs microorganisms 
to chemically reduce metal ions and deposit NPs under mild, 
ambient conditions. The process employs the fungal meta-
bolic machinery itself, thus combining eco-friendliness with 
process scalability for industrially viable applications. Fungal 
synthesis is especially appealing since it circumvents the use 
of toxic reagents, minimizes the requirement for large-scale 
energy inputs, and yields NPs with biocompatibility, which 
imparts to them unique appropriateness for biomedicine as 
well as ecological purposes [66].

The fungal NPs synthesis process occurs through both 
intracellular and extracellular mechanisms. In intracellu-

Table 4: Examples of plant-based green synthesis.

S no. Plant NP Size (nm) Shape Applications Ref.

1 Pongamia pinnata CuFe2O4 36 nm Non uniform Catalytic activity [44]

2 Ginger root and cardamom seeds CoFe2O4 14 - 20 nm Porous and sponge like form Photo catalytic activity and dye 
degradation [45]

3 Lemon peel TiO2
80 - 140 

nm Spherical Water cleaning, self-surface 
cleaning and energy production [46]

4 Ginger root and cardamom seeds MnFe2O4 40 - 50 nm Non uniform Dye degradation and antimicro-
bial activity [47]

5 Lemon extract ZnFe2O4 50 - 60 nm Spherical Photo catalysis and hyperthermia [48]

6 Acanthe phylum bracteatum Ag 29 - 68 nm Spherical Antibacterial and antimicrobial 
properties [49]

7 Croton sparsiflorus Au 12 - 13 nm Spherical, triangular and rod Antibacterial and anticancer [50]
8 Tinospora cordifolia Cu - Spherical Catalytic degradation [51]
9 Clostridium acetobutylicum Fe 59 - 61 nm Porous, sponge like form Hydrogenase activity [52]

10 Plantain peel Fe3O4 50 nm Spherical Water filter, biomedical field and 
drug delivery [53]

11 Banana peel Pd 50 nm Spherical Devising sensors and in making 
active membranes [54]

12 Black cumin seed Pt 1 - 6 nm Spherical Bacterial pathogens [55]

13 Albizia lebbeck ZnO 66 nm Irregular spherical Antimicrobial, antioxidant and 
cytotoxic activity [56]

14 Jatropha curcas L. ZnS 10 nm Spherical Electronics and biomedical [57]

Table 5: Examples of bacterial based green synthesis.

S no. Bacteria NP Size (nm) Shape Application Ref.

1 B. cereus Ag 5 nm Spherical Catalysis, data storage and microelectronics [62]

2 E. coli Au 20 nm Spherical Direct electrochemistry of Hb [63]

3 Lactobacillus sp BaTiO3 20 - 80 nm Spherical Drug delivery and Bioelectronics [64]
4 P. stutzer Cu 50 - 150 nm Cubic Medicine and antimicrobial [65]
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lar synthesis, metal ions are transported into the fungal cell, 
where they are reduced by enzymes and other compounds to 
form NPs within the cell. This approach has been successfully 
demonstrated in fungi such as Verticillium species and Neu-
rospora crassa, which have been shown to accumulate NPs in-
side their cellular structures. On the other hand, extracellular 
synthesis is the method through which fungi release enzymes 
or metabolites into the external medium, where metal ion re-
duction and NP synthesis occur outside the fungal cells. The 
method is simpler for the recovery and purification of NPs 
since the particles are synthesized in the medium and can be 
recovered with ease. Fungi such as Fusarium oxysporum, Asper-
gillus niger, and Penicillium sp. have been employed to synthe-
size NPs extracellularly [67].

Fungal production of NPs can yield variety of NPs such 
as Au, Ag, copper, and selenium. NPs produced have usage in 
a variety of industries. AgNPs derived from fungi, for exam-
ple, are renowned for their antimicrobial properties and are 
potential agents for novel antibacterial therapy, particularly 
for wound treatment and medical device coating. In the en-
vironmental sector, NPs from fungi have been found to hold 
promise as agents for wastewater treatment because they are 
able to be used to desorb heavy metals, dyes, and other con-
taminants. Further, these nanoparticles can be employed in 
bioremediation whereby fungi are used to break down toxic 
chemicals in the environment. In agriculture, NPs produced by 
fungi are under investigation to be utilized in enhancing plant 
growth, as bio-pesticides, and as protection for plants against 
a variety of pathogens. Fungi can also be genetically modified 
to produce NPs of desired properties, such as greater surface 
area, to be highly efficient in drug delivery systems, biosensors, 
and environmental purification. Fungi based synthesized NPs 
and its application tabulated in table 6. As research in this 
direction continues to rise, fungal NP synthesis promises to 
be invaluable for a vast array of industrial, medical, and envi-
ronmental applications, providing an eco-friendly route to the 
conventional synthesis of NPs [67].

Algae based green synthesis

Algae-mediated NP synthesis a green and eco-friendly 
process that exploits the high bioactive content of algae to 
reduce metal ions in NPs. It is an environment-friendly and 
green process in contrast to the conventional chemical and 
physical processes that employ toxic reagents and high energy 

input. Algae, microalgae, and macro algae are suitable sources 
of secondary metabolites such as polyphenols, proteins, poly-
saccharides, and terpenoids, which are used as reducing and 
stabilizing agents in NP synthesis [70].

The synthesis is initiated with the isolation of suitable al-
gal species with high bioactive compound contents. The op-
timum growth conditions of the selected algae are utilized to 
produce maximum biomass. Harvested algal biomass is pu-
rified from impurities and then exposed to extraction proce-
dures to yield an aqueous extract rich in bioactive molecules. 
The aqueous extract is used as the capping and reducing agent 
in the NP synthesis process. Algae extracted nano synthesized 
shown in table 7. 

In conventional synthesis process, the metal salt solu-
tion is combined with the algal extract, for example, Ag ni-
trate (AgNO3) for AgNPs or chloroauric acid (HAuCl4)) for 
AuNPs. The reaction mixture is incubated under controlled 
conditions, such as temperature, pH, and illumination, in or-
der to facilitate the reduction of metal ions by the bioactive 
compounds present in the algal extract. Appearance of NPs 
is commonly marked by color change in solution, for exam-
ple, dark pink color change from yellow marks formation of 
AuNPs. The duration of reaction may range from few minutes 
to many hours, with the concentration of metal salt, algal ex-
tract -composition, and incubation condition [70].

Following synthesis, the NPs are usually purified by cen-
trifugation to eliminate any remaining biomass or unreacted 
metal ions. The purified NPs are subsequently analyzed us-
ing a range of analytical methods to establish their size, shape, 
crystalline structure, and surface properties. Typical charac-
terization techniques are spectroscopy, which tracks the sur-
face plasmon resonance of the NPs; transmission microscopy, 
which gives high-resolution images of the morphology of the 
NPs; and X-ray diffraction, which determines the crystalline 
phases present in the NPs [71].

This alga mediated synthesis method not only reduc-
es environmental footprint through the avoidance of toxic 
chemicals but is also beneficial in terms of scalability and NP 
property tailoring through the use of different algal species or 
adjusting reaction parameters. The biogenic NPs formed by 
this method have been promising in a range of applications, 
such as antimicrobial agents, drug delivery, environmental 
clean-up and catalysts in chemical reactions.

Table 6: Examples of fungi based green synthesis.

S no. Fungi NP Size (nm) Shape Application Ref.
1 Phoma glomerata Ag 60 - 80 nm Spherical Drug delivery [67]
2 Verticillium luteoalbum Au 10 nm Spherical Drug delivery [68]
3 Aspergillus flavus TiO2 62-74 nm Spherical Antibacterial activity [69]

Table 7: Examples of algae based green synthesis.

S. no. Algae NP Size (nm) Shape Application Ref.

1 Caulerpa racemosa Ag 5 - 25 nm Spherical, triangular Antibacterial activity [72]

2 Sargassum wightii Au 8 - 12 nm Planar Drug delivery [73]

3 HSMV-1 Fe3O4 50 - 70 nm Bullet-shaped Magnetic navigation [74]
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Challenges in green synthesis

Green synthesis, the strategy to formulate environmen-
tally friendly and sustainable means to synthesize chemicals, 
materials, and pharmaceuticals, is a possible method that can 
serve as an alternative to traditional synthesis techniques. But 
owing to some of the technical, economic, and regulatory 
challenges, green synthesis has been experiencing challenges 
in its large-scale utilization and deployment. These technical, 
economic, and regulatory challenges hinder the extensive use 
of green synthesis to fully reap its global advantage.

One of the most significant issues is scalability of the 
green synthesis process. While many green methods, for ex-
ample, solvent use of water or renewable raw material use, are 
at laboratory scale, scaling up such processes to industrial pro-
duction is often found to be High energy requirements, yield 
inconsistency, and access to renewable raw materials can make 
large-scale application economically unfeasible. For example, 
renewable feedstock like plant material can be inconsistent 
in quality and availability and hence make standardization of 
production processes difficult [75]. Further, the economic vi-
ability of green technology development and deployment can 
be a massive bottleneck, especially for industries founded on 
established, low-cost conventional processes.

The second most relevant issue is the creation of efficient 
and stable green catalysts for green synthesis. Catalysts are 
necessary in order to minimize energy consumption and waste 
generation in chemical reactions. Although nanomaterials, 
biocatalysts, and other green catalysts are very promising, they 
are generally deficient in the desired selectivity, stability, and 
reusability in industrial processes [76]. For example, bio cata-
lytic enzymes are susceptible to destruction under harsh con-
ditions of reactions and are limited in their application. Sim-
ilarly, fabrication of nanomaterial catalysts involves the use of 
toxic precursors at times in contradiction to the principles of 
green chemistry. Rectifying these issues calls for revolutionary 
advancements in catalyst design and engineering.

Regulatory and standardization problems are also a sig-
nificant impediment to the adoption of green synthesis. Cur-
rently, there is no unified regulatory regime or standard set 
of metrics to quantify the “greenness” of a process. Without 
guidelines, industries may not invest in green technologies 
because they may be unsure of the like hood of compliance 
as well as the risk [77]. Also, the absence of universally ac-
cepted parameters for determining sustainability makes com-
paring and optimizing eco-friendly synthesis protocols more 
difficult. Resolving these issues requires collaboration between 
policymakers, scientists and industrial stakeholders to develop 
effective standards and incentives for greenery.

Conclusion
A revolutionary development in materials science, the 

green synthesis of NPs brings nanotechnology into line with 
environmental stewardship and sustainability ideals. In con-
trast to traditional techniques, which frequently use danger-
ous chemicals and energy-intensive procedures, green syn-
thesis uses biological systems, such as plants, bacteria, fungi, 
and algae, to create metal and MONPs in a way that is both 

environmentally responsible and commercially feasible. The 
shape, biocompatibility, and functional performance of NPs 
can be better controlled by these biologically mediated routes. 
Green-synthesized nanomaterials have shown great impor-
tance in agriculture for nutrient delivery, stress resistance, and 
environmental remediation; in food science, they help with 
smart packaging and safety sensing; and in medicine, they 
allow for less toxic targeted therapies and diagnostics.  But 
as the field develops, issues including environmental perma-
nence, public acceptance, regulatory frameworks, and NP tox-
icity continue to be significant obstacles. The strong interdisci-
plinary cooperation, standardized risk assessment procedures, 
and open policy development may be necessary to meet these 
difficulties. Green synthesis is at the vanguard of nanotech-
nology's next chapter, providing not just scientific innovation 
but also a model for responsible technological advancement as 
global priorities change towards low-impact technologies and 
circular economies.
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