
Vol.:(0123456789)

Environmental Chemistry Letters (2024) 22:841–887 
https://doi.org/10.1007/s10311-023-01682-3

REVIEW ARTICLE

Synthesis of green nanoparticles for energy, biomedical, 
environmental, agricultural, and food applications: A review

Ahmed I. Osman1  · Yubing Zhang2 · Mohamed Farghali3,4 · Ahmed K. Rashwan5 · Abdelazeem S. Eltaweil6 · 
Eman M. Abd El‑Monaem6 · Israa M. A. Mohamed4 · Mai M. Badr7 · Ikko Ihara3 · David W. Rooney1 · Pow‑Seng Yap2

Received: 6 September 2023 / Accepted: 7 December 2023 / Published online: 20 January 2024 
© The Author(s) 2024

Abstract
Nanomaterials have been rapidly developed during the last decades, yet many nanoparticles synthesized by classical methods 
are toxic and their synthesis procedure is not sustainable. Here we review the green synthesis of nanoparticles from biomass 
and waste with a focus on synthetic mechanisms and applications in energy production and storage, medicine, environmental 
remediation, and agriculture and food. Biomass use for synthesis include microorganisms, fungi, plants, and agro-industrial 
bio-waste. Compared to conventional synthesis, green synthesis allows a 30% reduction in energy consumption, cost sav-
ings of up to 40%, and a 50% increase in production output. Biomedical applications comprise antibacterials, anticancers, 
antioxidants, and drug delivery mechanisms. Carbon quantum dots and photovoltaics are discussed in the energy section. 
Agricultural and food applications focus on nanofertilization, pest control, and food quality. Environmental remediation 
includes water and soil purification.

Keywords Nanoparticles · Green synthesis · Nanosynthesis mechanisms · Nanodrug delivery and anticancer · 
Environmental remediation · Nanofertilizer

Introduction

In recent years, nanoparticle synthesis has witnessed a 
remarkable shift toward sustainable and environmentally 
friendly approaches. Conventional nanoparticle synthesis 
methods frequently involve using hazardous chemicals and 

high-energy processes, raising environmental concerns, 
and producing toxic by-products. On the other hand, green 
synthesis methods provide a viable solution by utilizing 
bio-based materials such as microorganisms, plants, and 
agricultural waste as environmentally friendly sources for 
nanoparticle synthesis (Karim et al. 2023; Xu et al. 2023). 
Numerous studies have shown that green synthesis methods 
effectively produce nanoparticles with desirable properties. 
Microbial-mediated synthesis has shown great promise 
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because microorganisms can reduce metal ions and form 
nanoparticles. Furthermore, fungal and algal-mediated syn-
thesis have emerged as viable alternatives, offering sustain-
able and scalable methods for nanoparticle production (Sub-
ramaniyam et al. 2015; Wang et al. 2021). Plant-mediated 
synthesis has received significant attention because of plant 
species abundance and diversity, which provide a rich source 
of bioactive compounds for nanoparticle synthesis (Monga 
et al. 2020; Rashwan et al. 2023a). Plant parts such as leaves, 
roots, and seeds have been studied for their ability to reduce 
metal ions and facilitate the formation of nanoparticles. 
Furthermore, the valorization of agro-industrial bio-waste 
has pioneered a novel method for converting agricultural 
residues and industrial byproducts into bio-nanosorbents, 
bio-nanocatalysts, and bio-nanodisinfectants (Bishnoi et al. 
2018; Omran 2020; Tavker et al. 2021).

Green-synthesized nanoparticles exhibit vast applica-
tions due to their biocompatibility and ability to release 
substances in a controlled manner (Rashwan et al. 2022a, b). 
In the realm of biomedicine, these nanoparticles hold great 

promise for applications in drug delivery systems (Fang 
et al. 2019; Owoseni-Fagbenro et al. 2019), cancer treatment 
(Devanesan et al. 2021; Yusefi et al. 2021), and diagnostic 
imaging. Moreover, their utilization extends to agriculture, 
where they play a pivotal role in safeguarding crops, deliv-
ering nutrients, and bolstering plant growth. These appli-
cations enhance agricultural practices and uphold sustain-
ability, minimizing adverse environmental effects. Green 
nanoparticles have also been found used in environmental 
remediation, such as water and soil purification, antimicro-
bial agents, and air pollution control (Debnath et al. 2020; 
Fahimmunisha et al. 2020; Jain et al. 2021; Kalaba et al. 
2021; Uddin et al. 2021). Their ability to remove contami-
nants and improve remediation processes helps to make the 
environment greener and cleaner. Furthermore, green nano-
particles have shown promise in photovoltaics and energy 
storage applications, improving the efficiency and perfor-
mance of solar cells and storage devices, and thus contrib-
uting to developing sustainable energy solutions. Further-
more, these nanoparticles are versatile in fields other than 

Fig. 1  Nanoparticle synthesis and applications. Numerous techniques 
are employed to synthesize nanoparticles, including physical, chemi-
cal, and biological methods. Green nanoparticles could result from 
sources such as plant extracts, organisms, enzymes, agricultural 
waste, and ultrasound- and microwave-assisted synthesis. A spectrum 

of green synthesis techniques yields nanoparticles like liposomes, 
niosomes, nanoemulsions, and nanogels. These eco-friendly nano-
particles find applications in fields such as agriculture, biomedicine, 
environment, food, feed, and energy
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those mentioned above. They provide opportunities in the 
cosmetics and food industries for improved formulations 
and safer products (Kumar et al. 2019; Gao et al. 2020). 
They also function as sensors, enabling the precise detection 
and monitoring of various substances. Furthermore, in the 
domains of textiles and electronics, they elevate functional 
attributes and open doors to inventive applications (Barzinjy 
et al. 2020). Green nanoparticles offer broader utility and 
innovation potential, spanning fields like nanoelectronics, 
nanosorbents, and catalysis, as shown in Fig. 1.

Therefore, the novelty of this review lies in its compre-
hensive exploration of green synthesis methods and their 
diverse applications. This review highlights the use of 
green-synthesized nanoparticles in medicine, agriculture, 
environmental remediation, energy, and various other fields, 
demonstrating their potential to revolutionize industries 
and contribute to a more sustainable future. Green synthe-
sis methods appeal to researchers and enterprises looking 
for greener alternatives because of their eco-friendliness, 
biocompatibility, and cost-effectiveness. However, address-
ing issues such as reproducibility, stability, and control over 
nanoparticle size and shape is critical to advance their practi-
cal application.

Resources for green synthesis 
of nanomaterials 

Microbial, fungal, and algal‑mediated synthesis

Traditional physical and chemical methods are recognized 
for their high energy and time costs and the use of environ-
mentally harmful chemicals. Chemical synthesis techniques 
require a metal precursor, reducing agents, and a stabilizing 
agent, with various processes suggested, such as reducing 
silver nitrate in the presence of a stabilizing and reducing 
agent in an aqueous solution. Different reducing substances 
like citrate, ascorbate, borohydride, hydrogen gas, sur-
factants, and ligands, or polymers such as polyvinylpyrro-
lidone and polyethylene glycol are stabilizing agents. Factors 
like the starting concentration of the silver nitrate solution, 
the stabilizing agent's concentration, and the molar ratio of 
silver nitrate to the reducing agent significantly influence 
the size of the resulting nanoparticles (Gudikandula and 
Charya Maringanti 2016). Therefore, chemical approaches 
have limited advantages and lack environmentally friendly 
synthesis techniques.

Research has shifted toward cleaner and more eco-
friendly synthesis processes. Using bio-based routes for 
synthesizing nanomaterials is widely recognized as a more 
advantageous alternative to conventional methods, offering 
significant potential in nanoparticle production. Numer-
ous studies have highlighted the ability of microorganisms 

to synthesize nanomaterials. Certain bacterial species can 
accumulate these particles intracellularly for navigational 
purposes. Moreover, living organisms such as plants, algae, 
bacteria, fungi, and even animals play a crucial role in creat-
ing nanoparticles by utilizing specific biomolecules, includ-
ing enzymes, for in situ reduction of metal ions, such as sil-
ver ions, to produce silver nanoparticles (Gupta et al. 2023; 
Kulkarni et al. 2023). Biological synthesis offers advantages 
in terms of the purity and safety of the resulting nanoparti-
cles and the production of uniformly sized and well-defined 
nanoparticles, often surpassing physicochemical methods. 
These features of biological synthesis align with several 
core principles of green chemistry, making the biosynthesis 
process environmentally friendly. Additionally, using bio-
molecules as capping and stabilizing agents enhances the 
microbial activity of nanoparticles made through biological 
processes.

Due to the synergistic interaction among microorgan-
isms, several advantageous traits can be observed, such as 
accelerated multiplication rates, the production of diverse 
secondary metabolites, rapid growth in confined spaces, 
and the capacity to synergistically deactivate pollutants. 
Consequently, microorganisms serve as a suitable medium 
for synthesizing nanozerovalent iron particles (Monga et al. 
2020). Different acidophilic microbe strains show different 
capabilities for reducing iron oxide; moreover, the presence 
of electron donors and the choice of growth conditions can 
further modify the characteristics mentioned above (Wang 
et al. 2016; Xie et al. 2017). For instance, the reduction of 
uranium (VI) by zerovalent iron nanoparticles is improved 
by Bacillus subtilis, according to Ding et al. (2015). Fur-
thermore, zerovalent iron nanoparticles containing Dehalo-
bacter demonstrated an increase in the decomposition of 
trichloroethane by 14-fold (Lee et al. 2015). Microorgan-
isms, with their advantageous traits and varying capabilities, 
serve as a suitable medium for synthesizing nanozerovalent 
iron particles, enhancing reduction processes and pollutant 
decomposition.

In addition, Chlorococcum sp. algae have been used to 
synthesize spherical-shaped nanoiron nanoparticles from 
iron chloride precursor, producing 20–50-nm nanoiron par-
ticles (Subramaniyam et al. 2015). Transmission electron 
microscopy analysis revealed that the synthesized nanoiron 
particles were predominantly found on the surface of the 
microalgal cells rather than being localized inside the cells. 
This observation suggests that the presence of biomolecules, 
specifically carbonyl and amine compounds derived from 
polysaccharides and glycoproteins within the algal cells, 
played a crucial role in synthesizing nanoiron. The Fourier 
transform infrared analysis further confirmed the involve-
ment of these biomolecules in nanoiron synthesis. The 
microorganism route for synthesizing nanozerovalent nano-
particles is more advantageous than conventional methods.



844 Environmental Chemistry Letters (2024) 22:841–887

Green nanoparticle synthesis mediated by fungi has 
numerous advantages, including simplicity and ease of 
amplification, ease of processing, economic feasibility, 
biomass processing, significant surface distance recovery, 
and optimal mycelium growth. As a result, fungi have enor-
mous promise in the synthesis of nanoparticles. Wang et al. 
(2021) used Aspergillus sydowii culture supernatant to syn-
thesize silver nanoparticles in vitro. Mohamed et al. (2021) 
employed Penicillium chrysogenum to develop in  vitro 
microbial synthesis of medical zinc oxide and copper oxide 
nanoparticles. Overall, the synthesis of nanoparticles by 
living organisms has enormous promise (Kaur and Gupta 
2009), as shown in Fig. 2.

Microorganisms play crucial roles in green nanoparti-
cle synthesis, either directly or indirectly. However, the 
synthesis of nanoparticles through microbe-mediated 
processes often displays slow reaction rates, presenting 
difficulties in managing the diverse array of involved spe-
cies. Furthermore, these particles typically exhibit hetero-
geneity in size distribution, necessitating the expertise of 

skilled personnel during production, consequently leading 
to substantial cost increments in scaling up the process 
(Saif et al. 2016). The following characteristics should 
be addressed while producing extremely stable and well-
characterized iron nanoparticles:

• When choosing an organism for synthesis, focus on its 
traits like enzyme activity and metabolic pathways, pri-
oritizing those with high detoxification and metal accu-
mulation capabilities.

• It is critical to adjust the conditions for optimal develop-
ment and activity conditions to increase enzyme activ-
ity, including pH, light, temperature, inoculum size, and 
buffer.

• Ensuring the attainment of ideal reaction conditions, 
including incorporating sustainable alternatives such as 
microwaves or visible light, becomes crucial when scal-
ing up procedures to a substantial level.

Fig. 2  Green synthesis of 
nanozerovalent iron using 
microorganisms, i.e., M and 
plants, i.e., P. Microbial culture 
is mixed with iron salt and 
incubated to produce nanopar-
ticles. Aqueous plant extract 
produces nanoparticles with 
iron salt in situ. The obtained 
nanoparticles are centrifuged to 
get the solid nanoparticles from 
the suspension. The drying step 
and/or annealing is the final step 
to obtain the green synthesized 
nanoparticles. nZVI refers to 
nanozerovalent iron
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Green synthesesusing plant parts

Green nanoparticle synthesis utilizing different plant com-
ponents has emerged as a sustainable and eco-friendly 
approach. This innovative method harnesses the inherent 
properties of plant extracts, such as leaves, stems, roots, 
and even fruits, to reduce metal salts and form nanopar-
ticles. By avoiding harsh chemicals and energy-intensive 
processes, this technique minimizes environmental impact 
and produces nanoparticles with unique attributes. Interest-
ingly, plant-mediated route synthesis of nanozerovalent iron 
is one of the most prominent biosynthetic techniques for 
assembling metal nanoparticles (Machado et al. 2015), as 
shown in Fig. 2.

Many phytochemical compounds with various functional 
groups are participating in reducing metal ions to iron nan-
oparticles. These compounds include polyphenols, metal-
lothioneins, ascorbates, and glutathione, which can che-
late metal ions and facilitate superoxide-driven processes, 
thereby promoting the formation of stable nanoparticles. 
A typical synthesis combines metal ions, e.g., ferric chlo-
ride or ferrous chloride, in an aqueous solution with a plant 
extract. The phenolic hydroxide groups present in the bio-
molecules of the extract form complexes with the ferric or 
ferrous ions, leading to their reduction to iron nanoparticles 
within a period ranging from a few minutes to several hours. 
These biomolecules also function as effective stabilizers, 
thus preventing the aggregation of nanoparticles (Monga 
et al. 2020); therefore, these molecules play a double role as 
they reduce the metal ions and act as capping and stabiliz-
ing agents.

Plant extracts offer several advantages in the synthesis 
of nanozerovalent iron. For instance, they are less toxic 
and exhibit improved water solubility. Additionally, plant 
extracts enable the production of a larger quantity of nano-
particles, which possess a longer lifespan and exhibit diverse 
shapes and structures, including round, square, and irregular 
forms (Wu et al. 2017). Using extracts from various plant 
components, such as leaves, stems, seeds, roots, and fruits, 
involves the reduction of metal ions mediated by a range of 
biomolecules. These plant components are rich in secondary 
metabolites, including enzymes, proteins, amino acids, vita-
mins, polysaccharides, alkaloids, polyphenols, flavonoids, 
and organic acids. These biomolecules, which are biode-
gradable and non-toxic in most cases, serve as reducing and 
capping agents, which promote the formation of nanoparti-
cles while effectively inhibiting their agglomeration (Iravani 
2011).

Several cases of plant extracts-mediated synthesis of 
nanozerovalent iron have been documented. For instance, 
Hoag et  al. (2009) used a one-step, environmentally 
friendly biosynthetic process to effectively synthesize 
nanozerovalent iron. Green tea extract was mixed with an 

aqueous ferric chloride solution at room temperature for a 
few minutes, yielding stable nanoparticles. The dual role 
of polyphenols found in tea as reducing agents and sta-
bilizers has been a notable discovery in this field. Huang 
et  al. (2014a) conducted a study where they success-
fully synthesized nanozerovalent iron utilizing extracts 
from three distinct types of tea: green, oolong, and black 
tea. These synthesized nanoparticles were subsequently 
assessed for their efficiency in breaking down malachite 
green pollutants. Another study by Wang et al. (2014b) 
showcased the synthesis of polydisperse iron particles 
using extracts from green tea and Eucalyptus leaves. This 
process resulted in the formation of nanozerovalent iron 
characterized by quasi-spherical particles spanning a size 
range of 20–80 nm. Similarly, Machado et al. (2014) uti-
lized natural extracts from various tree leaves to reduce 
ferric iron in an aqueous solution and generate nanoze-
rovalent iron particles. In this study, the antioxidant capac-
ity of the extract was evaluated to determine its purity 
and synthetic suitability. These findings demonstrate the 
potential of using plant extracts as reducing agents to pro-
duce nanozerovalent iron particles.

Furthermore, Machado et al. (2013a) investigated the 
suitability of twenty-six different plant leaves as prospec-
tive bio-reducers. Their investigation revealed that oak, 
pomegranate, and green tea had the highest antioxidant 
content. Notably, these extracts were effectively employed 
in synthesizing nanozerovalent iron particles. Further-
more, using various plant leaves to create nanozerovalent 
iron particles extended beyond tea extracts. This includes 
grapes, coffee, roses, gardenia, henna, and fruit trees like 
cherry, avocado, passionflower, and peach, which were 
harnessed in an environmentally conscious, one-step syn-
thesis approach (Mondal et al. 2020). It is worthy of men-
tion by many studies that the bio-based reductant agent 
should be carefully selected because of the incomplete 
reduction of ferric ions and the lower degradation capacity 
of the biogenic synthesized nanoparticles (Machado et al. 
2013b). Numerous plant-derived constituents have been 
utilized to achieve in situ synthesis and surface modifica-
tion of nanozerovalent iron, facilitating the stabilization 
of the iron particles. These components include guar and 
xanthan gums, cellulosic materials, riboflavin, starch, and 
others. For instance, grape seed extract stabilization pro-
duced nanozerovalent iron with a greater surface area and 
a substantially better degrading efficiency than nanoze-
rovalent iron without a stabilizer (Gao et al. 2016). Using 
plant-mediated processes for nanoparticle synthesis offers 
a more environmentally friendly approach, resulting in the 
production of nanoparticles that are not only stabilized 
but also exhibit enhanced properties compared to conven-
tionally synthesized counterparts. Through these studies, 
it can be found that plant extracts represent a promising 
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and environmentally friendly approach for synthesizing 
nanozerovalent iron, facilitated by diverse biomolecules 
that contribute to the efficient formation and stabilization 
of nanoparticles.

Bio‑fabrication of nanoparticles 
from agro‑industrial bio‑waste

A notable portion of municipal solid waste comprises 
agro-industrial bio-waste remnants, originating from both 
agricultural activities and industrial processes, particularly 
prevalent in developing nations (Omran 2020; Rashwan 
et al. 2023b). Addressing the issue of agro-industrial bio-
waste and its detrimental effects through circular practices 
has become a critical concern, given the significant contribu-
tions of the agricultural and industrial sectors to global bio-
waste emissions (Mohan and Katakojwala 2021). Addition-
ally, these bio-wastes possess substantial untapped potential 
and can be reclaimed, repurposed, or transformed into valu-
able resources. Therefore, leveraging the inherent value of 
this waste to manufacture economically viable, high-value 
products plays a crucial role in establishing a sustainable 
closed-loop economy (Vickers 2017).

Unfortunately, gigantic quantities of agro-industrial 
bio-waste are annually outputted attained millions of tons, 
severely influencing the environment, air/water pollution, 
global warming, and harmful gas formation, among oth-
ers (Jovanov et al. 2018). The commonly used method is to 
burn agricultural waste in farms after harvest, which releases 
harmful gases comprising carbon dioxide, methane, and 
nitrous oxide. In addition to the generated contaminants like 
carbon monoxide, ammonia, sulfur dioxide, volatile organic 
pollutants, and particulate matter, which decline the air qual-
ity and result in several health issues (Tyagi et al. 2016). At 
the same time, green treatment approaches of agro-indus-
trial bio-waste intend to convert them to potential products, 
such as biodiesel and biochar, and extract bountiful vital 
components like proteins, antioxidants, carbohydrates, and 
functional lipids (Sagar et al. 2018). The bio-fabrication of 
nanomaterials utilizing agro-industrial bio-wastes has cost-
effectiveness, low toxicity, and energy-saving features, sur-
passing the physical and chemical preparation ways (Omran 
2020). Bio-wastes comprise natural biomolecules that could 
act as capping/stabilizing agents and stabilizers (Omran 
et al. 2021). Consequently, the bountiful and plentiful agro-
industrial bio-wastes have been widely utilized to fabricate 
nanomaterials as follows:

Bio‑nanosorbents

The heightened exacerbation of the wastewater issue com-
plicates the scientific community’s search for an effective 

method to efficiently eliminate well-known pollutants 
from water (Eltaweil et al. 2023). Numerous remediation 
approaches have been advocated; nonetheless, adsorption 
has displayed many features in various manners (Abd El-
Monaem et al. 2023). Hence, creating sorbents from abun-
dant and cost-free sources such as agro-industrial materi-
als emerges as an economical and effective solution to the 
wastewater challenge. In this context, Tavker et al. (2021) 
prepared silver nanoparticles and cellulose nanofiber from 
citrus sinensis to adsorb cadmium and chromium from 
wastewater. The transmission electron microscope images 
clarified that the average sizes of silver nanoparticles and 
cellulose nanofiber were 32 nm and 47 nm, respectively. The 
composite material comprising silver and cellulose nanofib-
ers preferred removing chromium ions over cadmium ions. 
Precisely, the efficiency of eliminating chromium was meas-
ured at 83.5%, while the removal efficiency for cadmium 
was 32.2%.

In another attempt, Abdelghaffar (2021) developed a 
bio-sorbent from cellulosic banana peel to eliminate the 
reactive Orange 5 dye. A composite material of silver, cel-
lulosic banana peel, and chitosan was carefully produced and 
extensively characterized to achieve this. This comprehen-
sive analysis confirmed the composite's successful synthesis 
and a clear understanding of its physicochemical properties. 
Through experimentation, it was determined that the most 
effective conditions for adsorbing reactive Orange 5 were a 
pH value of three, an adsorption duration of approximately 
90 min, a concentration of 8 g/L of the bio-synthesized com-
posite, and a concentration of 50 mg/L of reactive Orange 5 
dye. Notably, the cycling test demonstrated the remarkable 
regenerative capacity of the bio-fabricated composite. After 
the fourth cycle, the composite could still remove 95% of 
reactive Orange 5, indicating its sustained effectiveness over 
multiple uses.

Bio‑nanocatalysts

Bio-nanocatalysts derived from agro-industrial wastes have 
displayed significant catalytic activity, making them promis-
ing for various applications due to their attributes, such as 
non-toxicity, high efficiency, simple processing, cost-effec-
tiveness, and renewability. As a result, recent research efforts 
have been directed toward harnessing these bio-wastes to 
develop environmentally friendly nanocatalysts. An illus-
trative example is the work of Bishnoi et al. (2018), who 
utilized the inedible Cynometra ramiflora to synthesize iron 
oxide nanoparticles. These nanoparticles were employed for 
the photocatalytic degradation of methylene blue, a com-
mon dye pollutant. Experimental findings indicated that 
methylene blue underwent complete degradation within 
110 min under sunlight exposure. Impressively, a reusability 
assessment demonstrated the sustained performance of the 
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catalyst, with the degradation efficiency only declining to 4% 
after undergoing five consecutive cycles. This underscores 
the potential of such eco-friendly nanocatalysts in sustain-
able environmental applications.

Furthermore, Skiba and Vorobyova (2019) prepared 
silver nanoparticle-derived orange peel for fast-degrading 
methylene blue. Characterization analyses, comprising 
X-ray diffraction, implied the cubic structure of the bio-
synthesized silver. Additionally, zeta potential depicted 
that the surface of silver was rich with negative charges 
of − 21.7 mV. Notably, the methylene blue degradation 
efficacy attained 99% during only 35 min, reflecting the 
superior catalytic property of this costless bio-synthesized 
catalyst. In another investigation, Narasaiah and Mandal 
(2020) exploited the cotton boll peels bio-wastes to pre-
pare palladium bio-nanocatalyst for reducing tartrazine, 
methyl orange, sunset yellow, and Congo red in the pres-
ence of sodium boron hydride. Surprisingly, the palladium 
bio-nanocatalyst showed superior catalytic activity toward 
the dyes since the degradation rates of tartrazine, methyl 
orange, sunset yellow, and Congo red reached 96.1%, 
96.4%, 97.2%, and 95.3%, respectively. Moreover, Kadam 
et  al. (2020) highlighted the bio-preparation of silver 
photo-catalysts utilizing cauliflower wastes for methylene 
blue degradation. The transmission electron microscope 
image implied that the particles of silver nanocatalysts 
have a spherical shape in a nanosize of 5–50 nm. Fur-
thermore, the bio-prepared silver exhibited a surface area 
of 19.2  m2/g and an average pore size of approximately 
7.1 nm. Silver bio-nanocatalyst revealed high catalytic deg-
radation toward methylene blue, reaching 97.6% with no 
metal leaching during the photocatalytic reaction.

To summarize, various agricultural and industrial 
biological waste has been effectively utilized as a valu-
able resource for the production of various nanoparticles 
through biological manufacturing. These nanoparticles 
derived from agricultural industrial waste have shown sig-
nificant characteristics, including a considerable surface 
area and pore size. In addition, nanoparticles synthesized 
through biological methods exhibit extraordinary capa-
bilities as efficient biological nanoadsorbents, biological 
nanocatalysts, and others. This trend not only helps to solve 
the problem of pollutants in wastewater but also provides 
new avenues for environmentally friendly and sustainable 
solutions. Extracting useful nanomaterials from waste not 
only aids in waste management but also facilitates resource 
reuse, thus contributing an important part to the environ-
mental protection industry. These studies have shown the 
broad application prospects of biologically prepared nano-
particles, emphasizing their potential in sustainable envi-
ronmental applications.

Mechanisms and principles 

Green biosynthesis of nanoparticles

The green biosynthesis of nanoparticles involves utiliz-
ing biological systems, such as plants, bacteria, fungi, or 
other microorganisms, to facilitate the reduction of metal 
ions into nanoparticles. The inherent properties of bio-
molecules like enzymes, proteins, and metabolites in these 
organisms typically mediate this process. As enzymes can 
participate in catalytic reactions and complex synthesis, 
they have enormous potential in biotechnology research 
and applications, and additional research has shown that 
attaching enzymes or their substrates to the surface of 
nanoparticles can enhance catalysis (Bilal et al. 2022, 
2023; Jin et al. 2023). In addition, enzymes play a crucial 
role in cellular activity by catalyzing metabolic reactions 
(Chapman and Stenzel 2019). The remarkable catalytic 
efficiency can be attributed mainly to the close interac-
tion of the reaction components in the active site, which 
have been screened and ordered by nature. The chemical 
complementarity between folded nucleic acid and peptide 
enables them to successfully organize the necessary mate-
rials in the active site and activate heme (Liu et al. 2017). 
These findings have significant implications for the design 
of supramolecular enzyme mimics.

The distinctive catalytic properties of enzymes arise 
from the spatial organization of crucial functional groups 
within their active site, a consequence of their intricate 
three-dimensional folding (Sun et al. 2022). The obvious 
limitation in catalyst design is the difficulty of recreating 
the extraordinarily complex three-dimensional structure of 
the enzyme’s active site. Sun et al. (2022) designed a cata-
lytic nanomaterial that mimics peroxidase. Components of 
polylysine and deoxyribonucleic acid have been found to 
exhibit synergistic effects that can enhance heme-catalyzed 
reactions. Additionally, Zhang et al. (2023) described a 
chimeric peptide deoxyribose system and introduced a 
novel design strategy for artificial metalloenzymes. The 
covalent bond between the g-quadruplex, heme, and an 
amino acid or oligopeptide determines the internal struc-
ture. Enzymes can be immobilized by attaching them to 
an active substrate or employing the appropriate chemical 
modifiers and linkers. This approach improves the heat and 
pH stability of enzymes while simultaneously lowering 
production costs. Vranish et al. (2017) used semiconductor 
quantum dots as model nanoparticle materials to link with 
prototype glucose peroxidase and horseradish peroxidase 
enzymes. The affinity of the semiconductor quantum dot 
surface to the substrate significantly affects enzyme activ-
ity when peroxidase binds to semiconductor quantum dots. 
Gu et al. (2022) prepared a co-immobilized dual enzyme 
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biocatalyst with covalent binding. It has been determined 
that the dual enzyme biocatalyst has superior catalytic 
activity for the degradation of acridine in wastewater.

By combining enzymatic and chemical catalytic tech-
nologies, it is possible to efficiently eliminate pollutants 
from wastewater. However, their high cost constrains the 
industrial utilization of pure enzyme preparations. Ji et al. 
(2017) extracted a crucial enzyme from Pleurotus ostrea-
tus intestines and immobilized it onto functionalized tita-
nium dioxide nanoparticles. Notably, diluting the initial 
enzyme extract enhanced adsorption efficiency. In a separate 
study, Yuan et al. (2023) linked laccase to copper oxide@
metal–organic frameworks, creating a stable composite 
through in situ microwave-assisted assembly and demon-
strating synergistic catalytic capabilities. Introducing a novel 
approach, Chen et al. (2022) proposed an amino-functional-
ized enzyme–nanoparticle conjugate biocatalyst as an eco-
nomically viable and environmentally benign solution for 
chlorophenol biodegradation. Notably, ferroferric oxide@
silicon dioxide-amino showcased superior performance 
compared to free laccase across various aspects, encom-
passing temperature and storage stability, organic solvent 
resistance, and compatibility with metal ions.

The immobilization of enzymes on solid substrates can 
enhance enzymatic stability, versatility, and catalytic activ-
ity, thereby enhancing the cost-effectiveness of biocatalysis. 
Although the immobilization of enzymes has led to advance-
ments in various fields, the design of immobilized platforms 
for biocatalysis involving large-sized substrates remains 
problematic because protein damage can occur during the 
generally severe reactions required for these processes. Far-
makes et al. (2020) found that the coexistence of enzymes, 
metals, and compounds on the surface of graphite oxide 
can improve enzyme immobilization. The zero-curvature 
graphite oxide surface has a greater enzyme loading capacity 
than carbon nanotubes. Restricting enzymes to well-defined 
metal–organic framework compartments is feasible for simu-
lating enzyme cellular environments and identifying struc-
ture–function correlations. Pan et al. (2023) used lysozyme 
as the nucleus of the metal–organic frameworks crystal scaf-
fold, resulting in an unstructured space near the enzyme's 
outline and determining its relative direction and kinetics.

Microorganisms can generate nanoparticles through 
the adsorption or reduction of metal ions. This microbial 
synthesis can be categorized into two types, internal and 
external synthesis. The production of nanoparticles by 
different biological agents based on their reaction with 
diverse metal solutions. Several bacteria can generate a 
range of inorganic compounds, both within and outside 
their cells, exhibiting distinct intracellular and extracel-
lular processes (Saravanan et al. 2021). Microbial syn-
thesis notably diminishes the reliance on chemical rea-
gents in nanoparticle production. A selection of instances 

illustrating extracellular and intracellular nanoparticle 
synthesis is provided in Table 1. The initial stage of nano-
particle synthesis within microorganisms involves the 
accumulation of metal particles either outside or inside 
the bacterial cells. Subsequently, enzymes catalyze the 
reduction of these metal particles into nanoparticles. 
Extracellular synthesis is more prevalent in comparison to 
intracellular synthesis. This preference is likely due to the 
easier purification and recycling of nanoparticles produced 
through extracellular synthesis. In contrast, nanoparticles 
synthesized within cells necessitate cell destruction using 
methods such as ultrasound for collection, which can com-
plicate purification due to broken cells (Owaid and Ibra-
heem 2017).

The precise mechanism of microbial intracellular syn-
thesis of nanoparticles is still unknown. An idea of the 
nanoparticle intracellular synthesis method is that the 
cell wall surface of microorganisms, negatively charged 
enzymes, or the cytoplasm of protein groups capture 
positively charged metal ions. The trapped metal ions are 
reduced to metal cores, and then different forms of nano-
particles are formed (Patil and Kim 2018). One advantage 
of using microalgae to generate nanoparticles is that it 
does not require any pretreatment of microalgae. This is 
because the formation process of nanoparticles in micro-
algae depends on metabolic pathways that may be respon-
sible for syntheses, such as photosynthesis, respiration, 
and nitrogen fixation (Khanna et al. 2019). In addition, 
microalgae can be harvested year-round compared to other 
microorganisms, which makes them highly cost-effective 
and resource-efficient. When external conditions change, 
microalgae can regulate their metabolic pathways to adapt 
to environmental changes, and some components in the 
microalgae body also undergo corresponding changes dur-
ing this process (Li et al. 2022). For the manufacture of 
nanoparticles, such properties have broad application pros-
pects. Li et al. (2022) generated 20-nm gold nanospheres 
and gold hyperbranched nanostructures in Chromochloris 
zoffiensis.

Fungi and bacteria show the same tolerance and metal 
bioaccumulation ability, so they are often used to synthesize 
metal nanoparticles. Similar to the synthesis of nanoparticles 
by bacteria and microalgae, the fungal synthesis of nanopar-
ticles can also be divided into two methods: extracellular and 
intracellular synthesis (Rajeshkumar and Sivapriya 2020). 
The consistency in the well-defined and square plate mor-
phologies observed during the mycosynthesis process, in 
contrast to non-biologically formed microcrystals, suggests 
the involvement of a crucial ligand present in the fungal 
exudate in the controlled nucleation and growth of these par-
ticles. In other words, the biological components within the 
fungal exudate alter the chemical characteristics related to 
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nanoparticle nucleation and development, ultimately leading 
to the formation of a uniform structure (Brady et al. 2023).

Given the flexibility and affordability of fungal growth 
on a large scale, extracellular or internal fungi extracts are 
attractive candidates for manufacturing metal nanoparti-
cles. Several techniques and technologies are available for 
producing nanoparticles of gold from fungal components. 
Molnar et al. (2018) demonstrated and compared the out-
comes of three different methods for producing gold nano-
particles using the external portion, autolysate, or intracel-
lular components of 29 thermophilic fungi. Nanoparticles 
with diameters that range from 6 to 40 nm and standard 
deviations varying from 30 to 70% were produced. Zhang 
et al. (2019) employed Mariannaea sp. to produce selenium 

nanoparticles and discovered extracellular selenium nano-
particles in alkaline environments. Due to the difficulty of 
purification through intracellular culture, fungal-mediated 
cultivation of nanoparticles is still the majority through 
extracellular culture.

Ocean endophytic fungi represent an underexplored 
resource for nanoparticle synthesis and the production of 
secondary compounds. Manjunath et al. (2017a) improved a 
mechanism for the extracellular production of Cladosporium 
cladosporioides gold nanoparticles. Dependent reductases 
and phenolic compounds were discovered to participate in 
the biological reduction of gold metal salts into nanoparti-
cles. Gold nanoparticles have potent antioxidant and anti-
bacterial properties. Some fungi can produce nanoparticles 

Table 1  Microbially synthesized nanoparticles

The microbial synthesis of environmentally friendly nanoparticles represents a pivotal aspect of nanotechnology. Fungi, bacteria, and algae can 
employ green methods to synthesize nanoparticles. This approach typically offers reduced costs and enhanced safety compared to traditional 
chemical synthesis. Microbial nanoparticle synthesis encompasses intracellular and extracellular methods, although the precise mechanisms 
remain unclear

Organism Species Synthesis mecha-
nism

Nanoparticle type Nanoparticle shape Measurement References

Fungus Aspergillus sydowii Extracellular Silver Spheroidal 1–24 nm Wang et al. (2021)
Penicillium chrys-

ogenum
Extracellular Zinc oxide, copper 

oxide
Hexagon, sphe-

roidal
9–35 nm, 10.5–

59.7 nm
Mohamed et al. 

(2021)
Aspergillus clavatus Extracellular Silver Hexagon, sphe-

roidal
10–25 nm Verma et al. (2009)

Aspergillus ter-
restris

Extracellular Silver Spheroidal 1–20 nm Li et al. (2012)

Cladosporium clad-
osporioides

Extracellular Silver Spheroidal 30–60 nm Manjunath Hulikere 
and Joshi (2019)

Penicillium citrinum Extracellular Gold Non-applicable Less than 100 nm Manjunath et al. 
(2017b)

Cladosporium clad-
osporioides

Extracellular Gold Non-applicable Less than 100 nm Mh et al. (2017)

Bacterium Lactobacillus acido-
philus

Extracellular Selenium Non-applicable 2–15 nm Alam et al. (2020)

Escherichia coli Extracellular Cadmium telluride Spheroidal 2–3.2 nm Bao et al. (2010)
Schwarzenegger’s 

bacteria
Extracellular Gold Spheroidal 12 nm Suresh et al. (2011)

Bacillus cereus Intracellular Silver Spheroidal 45.4 nm Alfryyan et al. (2022)
Bacillus cereus Extracellular Silver Polygon 90.8 nm Alfryyan et al. (2022)
Paracoccus haeun-

daensis
Extracellular Gold Spheroidal 17.5–24.4 nm Patil et al. (2019)

Proteus vulgaris Extracellular Ferric oxide Spheroidal 19.2–30.5 nm Majeed et al. (2021)
Cuprividus sp. Extracellular Silver Spheroidal 10–50 nm Ameen et al. (2020)

Algae Chromochloris 
zofingiensis

Intracellular Gold Spheroidal 20 nm, 120 nm Li et al. (2022)

Chlorella vulgaris Intracellular Gold Spheroidal 10–200 nm Luangpipat et al. 
(2011)

Scenedesmus sp. Intracellular Silver Spheroidal polyhe-
dron, rod-shaped

15–20 nm Jena et al. (2014)

Nannochloropsis 
oculata

Extracellular Manganese oxide Cube Not applicable Xia et al. (2013)
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through external and intracellular production. Manjunath 
Hulikere and Joshi (2019) employed Cladosporium clad-
osporioides to synthesize nanosilver ions, which were subse-
quently assessed for their antibacterial and antioxidant prop-
erties. Alfryyan et al. (2022) investigated the biosynthesis of 
metallic nanoparticles using two distinct methods. They also 
explored the structural characteristics and catalytic capabili-
ties of the nanoparticles produced through these processes, 
employing various technologies.

In conclusion, the enzyme–nanoparticle/nanomaterial 
interactions field has experienced significant advance-
ments. Researchers are increasingly drawn to microbial 
nanoparticle production owing to its environmental friend-
liness, cost-effectiveness, and simplicity. Selecting suitable 
microorganisms is crucial for practical metal nanoparticle 
synthesis, with growth rate, metabolic activity, and replica-
tion mechanisms playing pivotal roles. Studies have shown 
that modifying recombinant strains of bacterial species can 
enhance metal nanoparticle production. However, the crea-
tion of recombinant strains might contribute to increased 
nanoparticle production costs.

Use of reducing agents

The green solvent approach involves utilizing environmen-
tally friendly solvents such as distilled water and ethanol, 
replacing conventional organic solvents for economical 
nanoparticle synthesis. These green solvents offer benefits, 
including environmental preservation, renewability, and low 
toxicity, minimizing harm to ecosystems and human health 
(Tilahun Bekele et al. 2021). Using hazardous and expen-
sive compounds as reducing and capping agents may lead 
to larger particle sizes, driven by increased energy require-
ments. Green solvents can serve as alternatives to traditional 
organic solvents in diverse applications.

Ionic liquids are efficient solvents/media for lignocellu-
losic biomass utilization (Yoo et al. 2017). During the last 
few decades, ionic liquids have been investigated as poten-
tial substitutes. Because of the unique properties of liquids, 
they can dissolve and/or convert cellulose to a range of 
chemicals. Scientists and chemical engineers are becoming 
increasingly interested in the possible applications of ionic 
liquids. While the full potential of these exceptional solvents 
remains to be fully harnessed, the predominant application 
of ionic liquids has shifted from extraction to synthesis or 
catalysis. Initially utilized to extract biopolymers, these 
ionic liquids have found expanded use in the extraction of 
secondary metabolites. Polysaccharides and lignin are the 
primary biopolymers of interest (Avirdi et al. 2022). Vanda 
et al. (2018) examined the manufacturing and stability of 
silver nanoparticles in common ionic liquids as green media. 
Meanwhile, Nikfarjam et al. (2021) proposed antibacterial 

ionic liquid derivatives as monomers and polymers and dis-
cussed the antibacterial efficacy of ionic liquids.

Presently, the availability of low eutectic solvents is 
somewhat limited. Like ionic liquids, deep eutectic solvents 
comprise a few solid components and can form eutectic mix-
tures through chemical interactions. These mixtures yield 
deep eutectic solvents with lower melting points than the 
individual components. The efficient interaction of enzymes 
with eutectic solvents makes the enzyme/eutectic solvent 
system a promising approach for future biotransformation 
processes (Hooshmand et  al. 2020). Juneja and Pandey 
(2022) categorized deep eutectic solvents for intramolecu-
lar in-dimer synthesis, aiding polymeric resolution. Maia 
et al. (2021) emphasized the diverse roles of deep eutectic 
solvents in synthesizing metal covalent organic frameworks. 
Ghigo et al. (2022) employed diazonium salts as substitutes 
for aryl halides to establish a mild, simple, and effective 
Ullmann reaction in deep eutectic solvents, showcasing their 
potential as environmentally friendly and sustainable solvent 
media.

Considering the toxicity and environmental damage 
caused by conventional ionic liquids, the introduction of 
the concept of natural deep eutectic solvents was evidently 
promising as it offered environmentally friendly alternatives. 
These mixtures have a significantly lower melting point than 
their components and a significantly lower melting point 
than the ambient temperature (Vanda et al. 2018). Com-
ponents of natural deep eutectic solvents are sourced from 
nature and are believed to possess physiological or biologi-
cal effects in their natural contexts. Frequently, these compo-
nents are naturally present in foods. Unlike organic solvents, 
the fundamental structural elements of natural deep eutectic 
solvents are primarily governed by intermolecular interac-
tions among their constituents. Consequently, the organic 
matrix of deep eutectic solvents is susceptible to various 
conditions (Liu et al. 2018).

Magnetic nanoparticles are being researched more deeply 
because of their unique chemical and physical characteris-
tics. Ferrite is one of the most studied magnetic materials 
due to several critical physical features, such as a low melt-
ing point, high specific heat, and low saturated magnetic 
moment at low temperatures. For instance, Nasrollahzadeh 
et al. (2017a) described the ecologically friendly synthesis 
of copper/reduced graphene oxide/ferroferric oxide nano-
composites for an innovative catalytic system for aldehyde 
cyanidation to nitriles. This nanocomposite catalytic system 
utilizes an aqueous extract of Euphorbia officinalis leaves 
both as a reducing agent and a stabilizer. Under optimal con-
ditions, it yields various substituted aryl nitriles in moderate 
to good yields. In a related study, Kombaiah et al. (2018) 
presented a straightforward and an environmentally friendly 
method for producing nanoparticles using “local” microwave 
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heating. They also employed Abelmoschus esculentus gel as 
a reducing agent to synthesize cobalt iron oxide.

Ferrites have a regular spinel structure, and the connec-
tion between their magnetic and conductivity properties 
has caught the curiosity of numerous investigators caused 
of a broad spectrum of potential applications. Bashir et al. 
(2020) synthesized nickel ferrite nanoparticles using a Persa 
americano seed extract as a reducing agent. Physical and 
electrochemical characteristics of nickel ferrite nanoparticles 
were also investigated. Patil and Kim (2018) employed juice 
from Saccharum officinarum, a high-carbohydrate source, 
as a combustion fuel. The aldehyde functional group in the 
Saccharum officinarum juice acts as a reduction agent in 
the combustion cycle, while the precursor’s nitrate is an 
oxidant. This method simplifies the production of zinc fer-
rite nanoparticles, offering low cost and scalability. Simi-
larly, Matinise et al. (2018) utilized a natural plant extract 
from Moringa oleifera as both a reducing and stabilizing 
agent during the overshoot phase in synthesizing zinc ferrite 
nanocomposites.

Zinc nanoparticles have a robust catalytic activity as 
a degradant of a wide range of chemical reactions gener-
ated by direct wide band gap photocatalysts. As a result, in 
addition to being antibacterial, zinc oxide holds excellent 
promise in photocatalysis and the introduction of indus-
trial pollutant pigments. Chen et al. (2019) used Scutellaria 
baicalensis root extract as a lowering agent, indicating that 
other metabolites can be employed as end-cap compounds in 
the one-pot synthesis of zinc nanoparticles. Pai et al. (2019) 
utilized a water extract of Pterocarpus santalinus. Phenolic 
compounds within the leaf extract facilitated the conversion 
of zinc acetate into zinc oxide nanoparticles, forming the 
underlying principle. In a similar vein, Rupa et al. (2018) 
used polyphenols, flavonoids, and anthocyanins in the fruit 
of Rubus coreanus, to transform zinc oxide nanoparti-
cles. Employing a green approach, Golmohammadi et al. 
(2020) synthesized zinc oxide nanoparticles using jujube 
fruit extract as both a reducing and stabilizing agent. In a 
remarkable achievement, they achieved a 92% degradation 
efficiency of methylene blue within 5 h.

An effective strategy for eliminating dye toxicity is pho-
tocatalytic degradation activity. The high specific surface 
area of zinc oxide nanoparticles renders them suitable for 
dye degradation. Chakraborty et  al. (2020) synthesized 
zinc oxide nanoparticles from Averrhoa carambola and 
investigated their photocatalytic activity in Congo red dye. 
Averrhoa carambola biomolecules such as reducing sugar, 
flavonoids, and proteins are also critical green stabilizers. 
Rambabu et al. (2021) described a method for producing 
zinc oxide nanoparticles from discarded jujube pulp. Dye 
degradation investigations have shown that zinc oxide nano-
particles have amphoteric and fast photocatalytic activity 
and can break down hazardous dyes in synthetic wastewater. 

Mirgane et al. (2021) created zinc oxide nanoparticles from 
waste pineapple peel, which contains a variety of phyto-
chemical substances and can be utilized as an agent for cap-
ping and reducing.

In summary, green solvents must adhere to strict crite-
ria of non-toxicity, biodegradability, recyclability, sustain-
ability, availability, and affordability to qualify as environ-
mentally friendly media. Utilizing green solvents allows for 
producing superior products while mitigating the environ-
mental harm associated with conventional methods employ-
ing organic solvents. Researchers exploring innovative green 
solvents opt for high-quality natural resources derived from 
plants, animals, microorganisms, and marine organisms. The 
search for potential components should extend beyond an 
increase in animal-based research and encompass biological 
or physiological processes within living organisms that can 
inspire concepts or serve as templates for simulation.

Plant extract‑mediated synthesis

Numerous phytochemical compounds present in plants, such 
as flavonoids, alkaloid compounds, tannins, saponins, and 
others, significantly influence the production of nanomateri-
als (Mohammadzadeh et al. 2022). Secondary metabolites, 
which plants generate for therapeutic purposes, encompass 
diverse biological activities and can serve as crucial mark-
ers in nanoparticle synthesis. Extracts function similarly to 
stabilizers and reducing agents (Jadoun et al. 2021). The 
mechanism of nanoparticle production using lignin as both 
a reducing agent and stabilizer notably depends on pH, with 
lignin concentration affecting the size and dispersion of 
silver nanoparticles (Iravani and Varma 2020). Zinc oxide 
nanoparticles derived from Ficus microcarpa leaf extracts 
exhibited high larvicidal efficacy against mosquitoes and 
demonstrated antibacterial solid properties (Ragavendran 
et al. 2023).

 Plants serve as abundant, non-toxic, and harmless 
sources with significant economic benefits. Plant extracts 
such as phenols, saponins, terpenoids, and vitamins have 
medical potential while being environmentally safe (Sha-
navas et al. 2020; Aslam et al. 2021). These plant extracts 
can manufacture nanoparticles as reducing agents and stabi-
lizers. Garcinia L. plants are high in phenolic metabolites, 
potent antioxidants, and free radical scavengers. Compared 
to other plants, they can effectively lower nanoparticles 
(Demenciano et al. 2020; Sarip et al. 2022). Garcinia han-
buryi is combined with silver nitrate, gold chloride, copper 
nitrate, and other metal salt solutions at room temperature 
and stably interacts with groups with functions or electro-
static interaction of nanoparticles (Lee et al. 2019; Akintelu 
et al. 2021). Table 2 lists the preparation of metal nanopar-
ticles using different parts of different plants.



852 Environmental Chemistry Letters (2024) 22:841–887

Some biological components found in plant extracts have 
a vital role in reducing the number of metal ions and forming 
the top layer of nanoparticles of gold. For example, Abdoli 
et al. (2021) produced gold nanoparticles from cornflower 
leaves. Similarly, Balalakshmi et al. (2017) suggested a 
green synthesis approach for gold nanoparticles based on 
low-cost Sphaeranthus indicus leaf extracts, in which leaf 
extract components act as blocking and lowering agents dur-
ing the gold nanoparticles process. Hamelian et al. (2018) 
produced gold nanoparticles with Thymus serpyllum extract 
in a green and environmentally friendly manner. Desai et al. 
(2018) described a simple, fast, and environmentally friendly 
method of manufacturing photoluminescent gold nanoparti-
cles with catalytic and antioxidant activities utilizing kokum 
fruit extract. Naraginti and Li (2017) synthesized environ-
mentally sustainable multi-functional gold and silver nano-
particles using an Actinidia lindl extract and subsequently 
evaluated their efficacy against Pseudomonas aeruginosa.

Gold nanoparticles have numerous applications, such 
as sensing probes, imaging, therapeutic agents and drug 
administration, diagnosis, cancer treatment, catalysis, and 
environmental applications. Gold nanoparticle manufactur-
ing through traditional processes is expensive and may also 
harm the environment. Plant-based gold nanoparticle manu-
facturing is less costly and more environmentally friendly. 
Hosny and Fawzy (2021) used water extracts from Persi-
caria salicifolia leaves to create gold nanoparticles in an 
immediate, one-step, economical, and ecologically friendly 
biosynthesis. Zhao et al. (2021) created gold nanoparticles 
from Tribulus terrestris extract. Natural oxygen-containing 

phytochemistry promotes the conversion of green-reducing 
ions of trivalent gold ions to matching nanoparticles, which 
are then stabilized by encapsulation. This alteration inhibits 
the gold nanoparticles from aggregating. Gangapuram et al. 
(2018) created spherical gold nanoparticles from Anna squa-
mosa L. fruit waste as a depressant and stabilizer, with an 
extensive list of possibilities for treating hazardous industrial 
effluent.

Silver nanoparticles exhibit remarkable antibacterial 
properties, and there is a growing trend of using plants 
as biological sources for their synthesis. Giri et al. (2022) 
focused on creating and characterizing silver nanoparticles 
from fully matured Eugenia roxburghii leaves while assess-
ing their efficacy in reducing biofilm formation. Abdi et al. 
(2019) bio-synthesized silver nanoparticles from aqueous 
extracts of Rhizophora mucronata stems, roots, and leaves, 
exploring their antibacterial attributes. Shah et al. (2021) 
generated silver nanoparticles from an aqueous crude extract 
of Plantago asiatica and examined their antibacterial and 
antioxidant properties. Gopu et al. (2022) successfully syn-
thesized silver nanoparticles from a solution of silver nitrate 
using Momordica charantia leaf extract, with the change in 
color indicating the formation of silver nanoparticles.

The production of silver nanoparticles is gradually tran-
sitioning toward a less harmful biological approach, which 
holds promise for environmental benefits. Using plant 
extracts in the biological synthesis of metal nanoparticles 
seems to be a viable alternative alongside chemical and 
physical methods. Dogiparthi et al. (2021) described a biore-
duction method for producing silver nanoparticles using an 

Table 2  Synthesizing various metal nanoparticles using different plants

All components of plants harbor valuable chemicals, rendering them extensively utilized for green nanoparticle synthesis. The abundance of 
plant-based resources surpasses other alternatives, making them a prominent choice for green synthesis. In contrast to microbial methods, plant-
mediated synthesis offers enhanced safety. Leveraging plant-mediated synthesis can improve the cost-effectiveness of nanoparticle production

Plant name Plant part Nanoparticles Nanoparticles form Nanoparticles sizes References

Garcinia mangostana Peel Zinc oxide Spheroidal 25–70 nm Huong et al. (2023)
Abelmoschus esculentus Flower Silver Spheroidal 5.5–32 nm Devanesan and AlSalhi (2021)
Castor-oil plant Leaf, root Silver Spheroidal 38 nm, 29 nm Gul et al. (2021)
Bachelor's button Leaf Gold Spheroidal Less than 50 nm Abdoli et al. (2021)
Morinda citrifolia Leaf, fruit, seed Silver Spheroidal 3–11 nm Morales-Lozoya et al. (2021)
Spanish sage Seed Nickel monoxide Spheroidal 30 nm Sabouri et al. (2021b)
Sugar apple Seed Silver Spheroidal 14–28 nm Jose et al. (2021)
Capparis cantoniensis Leaf Silver Spheroidal 23 nm Nilavukkarasi et al. (2020)
Stevia rebaudiana Leaf Nickel monoxide Spheroidal 20–50 nm Srihasam et al. (2020)
Achyranthes aspera L Stem Silver Spheroidal 1–30 nm Sharma et al. (2019a)
Toxicodendron vernicifluum Rind Silver Spheroidal 2–40 nm Saravanakumar et al. (2019)
Coccinia grandis Stem Gold Spheroidal 20 nm Wang et al. (2018)
Nerium oleander L Rind Gold Spheroidal 20–40 nm Barai et al. (2018)
Mangifera indica Leaf Silver Face-centered cubic 30–34 nm Sundeep et al. (2017)
Mangifera indica Inflorescence Silver Irregular 30–70 nm Qayyum et al. (2017)
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aqueous leaf extract of Micrargeria wightii. Madivoli et al. 
(2020) employed a water extract of Lantana camara L. to 
produce silver nanoparticles, which were subsequently tested 
for antibacterial activity. Vakili et al. (2022) used the leaves 
of Biarum chaduchrum to make 100-nm spherical silver nan-
oparticles. Kumavat and Mishra (2021) investigated silver 
nanoparticles with antimicrobial and antimicrobial proper-
ties in vitro using Borago officinalis leaf extracts as environ-
mentally friendly reducing agents. This research introduces 
a simple, efficient, and rapid procedure. Plant extracts incor-
porate biological components that serve as stabilizers and 
reducers in nanoparticle synthesis.

Platinum, a valuable silver-white precious metal with 
high density, has piqued the interest of many researchers 
in its nanoparticle form produced from plants. The green 
attributes, sustainability, and economic significance of pal-
ladium nanoparticles derived from plants also have garnered 
significant attention among academicians. Lebaschi et al. 
(2017) developed a unique approach for reducing aqueous 
palladium ions utilizing biologically active palladium@Btea 
nanoparticle catalysts. The polyols and carbonyls are reduc-
tion factors in the water-based extract and blocking/stabi-
lizing agents. Nasrollahzadeh and Sajadi (2016a) detailed 
the eco-friendly synthesis of palladium nanoparticles using 
water-based extracts from Euphorbia officinalis leaves. They 
also highlighted the notable catalytic efficacy of these nano-
particles in both the Stille and Hiyama crossover bonding 
processes, achieved without additional reagents. Aygun et al. 
(2020) used Nigella sativa L. extract as a reducing agent 
to synthesize spherical platinum nanoparticles with sizes 
between 1 and 6 nm.

Copper nanoparticles are functional in catalysis, water 
purification, data storage, and other applications. However, 
the conventional synthesis methods of copper nanoparticles 
are associated with environmental pollution and toxicity 
concerns. Nagar and Devra (2018) utilized Azadirachta 
indica mesophyll soup to synthesize copper nanoparticles 
and investigated the effect of reaction parameters on nano-
particle conversion efficiency and morphology. Rajesh et al. 
(2018) used Syzygium aromaticum and Syzygium aromatic 
bud extracts to produce copper nanoparticles through a 
simple and environmentally friendly green technique. They 
studied their structural, morphological, optical, and antibac-
terial properties. Nasrollahzadeh et al. (2017b) synthesized 
copper nanoparticles under eco-friendly reaction conditions 
using Plantago depressa leaves extract as a natural solvent 
and biological medium. Sharma et al. (2019b) discussed the 
application of Tinospora cardifolia leaf extract in producing 
copper nanoparticles. The studies highlighted the potential 
of biological agents for the green synthesis of copper nano-
particles with reduced toxicity and improved properties, 
suitable for various applications in drugs, health care, and 
the environment.

Zinc oxide is an inorganic material that acts as a semi-
conductor, and various studies have shown that zinc oxide 
nanoparticles produced using green synthesis processes 
have good antibacterial properties. Khatami et al. (2020) 
examined the biosynthesis of rod-shaped zinc oxide nano-
particles using Lilium brownii var. viridulum extract and the 
anti-Leishmania spp. impact of zinc oxide nanoparticles. 
Doan Thi et al. (2020) suggested a green production of zinc 
oxide nanoparticles using orange peel extract that is effi-
cient, environmentally beneficial, and simple. Thakur et al. 
(2020) used extracts from Jatropha curcas and Tinospora 
cordifolia leaves to create zinc oxide nanoparticles utilizing 
a green synthesis approach. Antibacterial efficacy against 
Staphylococcus aureus was most remarkable in zinc oxide 
nanoparticles derived from jatropha plants. Kombaiah et al. 
(2017) produced rectangular zinc oxide nanoparticles in the 
10–90 nm range using Stevia rebaudiana (Bertoni) Hemsl 
extract and investigated antimicrobial solid activity against 
Leishmania spp., S. aureus, and Escherichia coli. These 
studies have demonstrated the potential of green synthesis 
processes for producing zinc oxide nanoparticles.

The application of potentially hazardous components in 
chemical synthesis can be avoided using plant-based nano-
particle synthesis. Plant-based biosynthesis is not only inex-
pensive, but it also has high biocompatibility and minimal 
environmental toxicity. Thakur et al. (2020) developed the 
technology for manufacturing barium ferrite nanoparticles 
from Acorus calamus rhizome extract. They examined the 
antifungal activity of various dosages of barium ferrite 
nanoparticles against pathogenic fungi affecting multiple 
plant species. Madhukara et al. (2019) produced zinc fer-
rite nanoparticles from Limonia acidissima using the green 
synthesis method, and the resulting zinc ferrite nanoparticles 
demonstrated excellent photodegradation of Evans blue and 
methylene blue when exposed to visible light. In the work 
of Kombaiah et al. (2017), Opuntia mill plant extracts were 
used as organic reagents to synthesize nanoparticles. In the 
study, two approaches were used to synthesize zinc iron 
oxide nanoparticles, namely the conventional and microwave 
methods, using plant extracts to synthesize nanoparticles.

Incorporating plant-based approaches for nanoparticle 
synthesis is not the only avenue. Transforming biomass 
waste into value-added nanoparticle products can contrib-
ute to the circular bioeconomy. Due to their ability to effi-
ciently extract pollutants from solutions using a magnetic 
field, magnetic oxides have great potential for water pollu-
tion remediation applications (Abdel Maksoud et al. 2022). 
For the first time, Osman et al. (2022) carried out an in-depth 
investigation on the application of fruit residue extract as a 
reducing agent in the synthesis of magnetite carbon com-
posite nanoparticles, in addition to the manufacture of mag-
netite carbon composite materials by pyrolysis of biomass 
waste and waste plastic to remove crystal violet dye from 
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water. Osman et al. (2020) utilized brewer’s spent grain to 
manufacture carbon in two ways, employing a new approach 
of a large surface area of carbon and hydrophilic carbon 
nanotubes to recover biomass waste raw materials, realizing 
the circular economy concept. In addition, El-Nahas et al. 
(2020) proposed converting waste aluminum and silica gel 
into active zeolite materials for water hardness treatment 
using standard household microwave ovens. This approach 
requires fewer chemical supplies, templates, and multi-step 
programs and is 70% less expensive than readily accessible 
zeolites.

In conclusion, plant extracts boast a rich reservoir of bio-
active compounds, rendering them a highly explored avenue 
for green synthesis methods, particularly in heavy metal 
accumulation and detoxification. The efficiency and eco-
friendliness of biosynthesis have led to the successful pro-
duction of diverse nanoparticles utilizing plant extracts. This 
approach has been extensively investigated for its potential 
across various domains. Moreover, plants house a variety of 
distinctive compounds that expedite synthesis and enhance 
synthesis rates. The realm of green nanomaterial synthesis 
from plants stands as an intriguing facet of nanotechnology, 
significantly contributing to environmental sustainability 
and the progression of nanotechnology.

Green hybrid nanoparticles

Due to its excellent light stability, oxidation resistance, and 
high electron mobility, zinc oxide is a critical inorganic sem-
iconductor component. Silver-doped zinc oxide, synthesized 
through green methods, possesses advantageous properties 
like high thermal conductivity, setting it apart from other 
precious metals. Mousavi-Kouhi et al. (2021) utilized the 
green approach of Verbascum speciosum to synthesize sil-
ver–zinc oxide nanoparticles and evaluated their cytotoxic-
ity. Azizi et al. (2016) used Zingiber officinale roscoe essen-
tial oil to develop an innovative green method for producing 
zinc oxide silver core–shell nanocomposites. The essential 
oil serves dual roles, acting as a reaction medium for zinc 
oxide synthesis and a reducer for silver ions. Several plants 
have been successfully utilized for producing green mixed 
nanoparticles, as highlighted in Table 3.

Due to their remarkable antibacterial and antifungal prop-
erties, silver–zinc oxide nanocomposites are extensively 
studied for their medical applications, such as dye degrada-
tion reagents, dye absorbers, wound healing, cancer chemo-
therapy, and drug delivery. Sohrabnezhad and Seifi (2016) 
synthesized silver–zinc oxide nanocomposites using Urtica 
fissae leaves extract, incorporating silver metal nanoparticles 
to enhance their photocatalytic efficiency. Rajaboopathi and 
Thambidurai (2018) described the chemical coprecipitation 
synthesis of silver–zinc oxide nanoparticles mediated by 
Sargassum pallidum and its extracts. These nanoparticles 

exhibit potential as catalysts for the photodegradation of 
industrial dye effluents. Swati et al. (2020) utilized Mor-
inga oleifera Lam. seeds extract to fabricate well-aligned, 
uniform silver–zinc oxide nanostructures.

Nanoparticles generated by doping two or more metal 
elements exhibit more substantial reduction effects than 
undoped oxide nanoparticles. For the first time, Khan et al. 
(2018) developed undoped zinc oxide nanoparticles from 
Cistanche deserticola water extract, as well as manganese-
doped zinc oxide nanoparticles from Clerodendrum infor-
tunatum and Clerodendrum inerme water extracts. These 
findings suggest that Clerodendrum informationatum and 
Clerodendrum inerme aqueous extracts are fantastic agents 
for reducing the environmentally friendly synthesis of 
undoped and copper-doped zinc oxide nanoparticles with 
potent antibacterial, antioxidant, and antifungal potential. 
Nasrollahzadeh et al. (2018) developed a unique and eco-
logically conscious method of producing copper nanoparti-
cles loaded with manganese dioxide nanoparticles. Centella 
asiatica leaves extract was employed as a natural reducing 
agent without adding a stabilizer or surfactant. Phenolic 
hydroxyl groups from the leaf extract are hypothesized to 
reduce copper ions in the medium, leading to the formation 
of copper nanoparticles that are subsequently anchored to 
the outermost layer of the manganese dioxide nanoparticles. 
Nasrollahzadeh et al. (2018) developed copper nanoparticles 
held by sodium borosilicate glass using Acalypha indica L. 
leaf extract as a reducing agent and stabilizer, and they also 
investigated the potential for catalyst reuse in the decrease 
reaction.

Hybrid nanoparticles with more than two metal compo-
nents have better photocatalytic activity than single nano-
particles. Pakzad et al. (2019) initially directed their atten-
tion toward employing phenolic compounds derived from 
Euphorbia pekinensis Rupr. extract. These compounds were 
utilized to reduce and obstruct copper oxide and nickel@
ferroferric oxide nanoparticles during their biosynthesis. 
Subsequent investigations have delved into the photocata-
lytic detoxification of color-related biosynthetic nanoparti-
cles. In a study by Sayadi et al. (2022), zinc oxide-stannic 
oxide nanocomposite nanoparticles were synthesized using 
an extract from Viscum album L. leaves. These nanoparticles 
were then utilized to degrade Congo red, biphenyl-A, and 
tetracycline. Remarkably, even after being used four times, 
the nanoparticles retained their effectiveness, highlighting 
the durability and recyclability of the zinc oxide-stannic 
oxide nanocomposite nanoparticles produced through this 
method. Somanathan et al. (2019) used a Tinospora cardifo-
lia extract to manufacture cerium-nickel@ferric oxide utiliz-
ing a microwave-aided combustion technique. When com-
pared to pure cerium-nickel@ferric oxide, cerium-nickel@
ferric oxide had higher photocatalytic activity.
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Table 3  Preparation of different types of mixed nanoparticles through different plants

Mixed nanoparticles Formed 
sub-
stance

Specific substances Purpose/effect References

Silver–zinc oxide Plant Verbascum speciosum To study the antibacterial activity 
against Escherichia coli and 
Staphylococcus aureus, and 
the anticancer activity against 
human liver cancer cells

Mousavi-Kouhi et al. (2021)

Silver–zinc oxide Plant Zingiber officinale roscoe Study the antibacterial effect of 
nanoparticles on six kinds of 
gram-positive and gram-nega-
tive bacteria and their toxicity 
to cells in vitro

Azizi et al. (2016)

Silver–zinc oxide Plant Urtica fissa Pritz Increasing the photocatalytic 
activity of nanocomposites

Sohrabnezhad and Seifi (2016)

Silver–zinc oxide Plant Sargassum pallidum The photodegradation of indus-
trial fuel effluent by silver–
zinc oxide nanoparticles was 
investigated

Rajaboopathi and Thambidurai 
(2018)

Silver–zinc oxide Plant Moringa oleifera Lam Composite nanoparticles can 
inhibit gram-positive and gram-
negative bacteria. In addition, it 
also exhibits antifungal effects 
against fungi such as Fusarium, 
Rosellinia necatrix, and Sclero-
tinia sclerotiorum

Swati et al. (2020)

Copper–zinc oxide Plant Clerodendrum infortu-
natum, Clerodendrum 
inerme

Copper-doped zinc oxide 
nanoparticles exhibit excellent 
biological properties, includ-
ing antibacterial, antifungal, 
anticancer, and antioxidant 
properties. The ability of 
copper-doped zinc oxide nano-
particles to destroy organic 
dyes demonstrates their great 
photocatalytic activity

Khan et al. (2018)

Copper-manganese dioxide Plant Centella asiatica Centella asiatica leaf extract 
serves as a stabilizer-free natu-
ral reducing agent. Its phenolic 
hydroxyl groups reduce copper 
ions, forming stabilized copper 
nanoparticles on the surface of 
manganese dioxide nanopar-
ticles

Nasrollahzadeh et al. (2018)

Copper/sodium borosilicate Plant Acalypha indica L Sodium borosilicate, a low-cost 
and stable carrier, effectively 
prevents copper nanoparticle 
aggregation and synergizes 
reduction reactions. The cata-
lyst maintains robust catalytic 
activity through five usage 
cycles

Nasrollahzadeh et al. (2018)

Nickel@ferroferric oxide, copper 
oxide

Plant Euphorbia pekinensis rupr The photocatalytic detoxification 
of nanoparticles in dyes was 
investigated further

Pakzad et al. (2019)

Zinc oxide-stannic oxide Plant Viscum album L Using ethanol extract from Vic-
cum Album L., zinc oxide and 
tin oxide nanoparticles were 
produced and combined to 
form zinc oxide-stannic oxide 
nanoparticles

Shirzadi-Ahodashti et al. (2020), 
Sayadi et al. (2022)
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Creating cost-effective and environmentally friendly nan-
oparticles for contaminant removal is achievable through the 
eco-friendly synthesis of iron-based bimetallic nanoparticles 
using various plant extracts, which helps overcome certain 
synthesis limitations. In the work of Pakzad et al. (2019), 
eco-synthesized ferrum/nickel nanoparticles were employed 
to remove triclosan and copper ions from aqueous solutions. 
In the study of Lin et al. (2021), green tea functioned as a 
reducing and capping agent in synthesizing a composite of 
reduced graphite oxide loaded with iron-nickel nanoparti-
cles. This composite exhibited the capability to eliminate 
trivalent antimony ions from aqueous solutions. Gao et al. 
(2019) employed Ginkgo biloba linn extract as a green sta-
bilizer to create ferrum/cobalt bimetallic nanoparticles to 
remove triclosan from aqueous solutions. Through carbon 
green, Gong et al. (2022) produced ferrum/nickel nanoparti-
cles to remove 17 β-estradiol. The effectiveness of estradiol 
removal exceeded 98.3% in their study.

In summary, the comparison between single nanoparticles 
produced through green synthesis and mixed nanoparticles 
reveals that mixed nanoparticles exhibit superior perfor-
mance across all aspects. The green synthesis approach can 
amalgamate the attributes of various nanoparticles, yielding 
hybrid nanomaterials that harness the benefits of individual 
nanoparticles, as shown in Fig. 3. In contrast to conventional 
techniques, the green synthesis method for effectively cre-
ating mixed nanoparticles addresses synthesis constraints, 
diminishes environmental repercussions stemming from the 
synthesis process, minimizes production expenses related to 
nanoparticles, and facilitates the sustainable advancement of 
nanoparticle manufacturing.

In conclusion, the increasing demand for environmentally 
friendly science and nanostructures has driven the adoption 
of green synthesis methods for crafting nanomaterials. This 
approach curbs pollution and reduces costs while enhancing 
nanoparticle stability and performance. This section has pro-
vided insights into the mechanisms and principles of green 

Plants offer diverse chemicals that can serve as stabilizers or reducing agents for nanoparticle synthesis. Through the green synthesis approach, 
composite nanoparticles produced with plant-based methods are characterized by enhanced safety and reduced environmental impact. This 
method enables the amalgamation of distinct nanoparticle advantages within a composite nanomaterial. Consequently, mixed nanoparticles 
showcase superior antibacterial and photocatalytic attributes compared to their single nanoparticle counterparts

Table 3  (continued)

Mixed nanoparticles Formed 
sub-
stance

Specific substances Purpose/effect References

Cerium-nickel ferrite Plant Tinospora cardifolia Introducing cerium ions into 
nickel ferrite enhances its 
photocatalytic activity, surpass-
ing pure nickel ferrite. This 
modification also amplifies the 
surface area of nickel ferrite, 
creating extra active sites for 
pollutant degradation

Somanathan et al. (2019)

Fig. 3  Mechanisms of green synthesis of nanoparticles using plant 
extracts, bacteria, and fungi. The foremost goal of researchers has 
always been to produce green nanoparticles through eco-friendly 
methods. The synthesis of nanoparticles mediated by microorganisms 
and plants is a critical step in nanotechnology. Enzymes and other 
chemical substances in microorganisms and plants can act as reduc-
ing and blocking agents in biosynthesis. These methods can produce 
stable and capped nanoparticles with high yield. Many characteriza-
tion techniques can be used to study the properties of produced nano-
particles. Green nanoparticles can be used in biomedical, agriculture, 
environmental, food industry, cosmetics, and energy applications
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nanoparticle synthesis, covering aspects such as nanoparti-
cle biosynthesis, biological reduction, extraction-mediated 
synthesis, and mixed nanoparticles. Future endeavors in 
green nanoparticle synthesis should prioritize improving 
preparation efficiency, bolstering nanoparticle stability, and 
maximizing the utilization of eco-generated nanoparticles.

Applications 

Over the past decades, there have been remarkable 
advancements in green nanomaterials, positioning them 
as top contenders across various domains, including bio-
medical, agriculture, environmental, food, sensors, elec-
tronics, and more, as shown in Fig. 4 and Table 4. Whether 
used to improve medical diagnosis and treatment, enhance 
agricultural production efficiency, reduce environmental 
pollution, improve food quality, develop efficient sensors, 
or promote innovation in electronic technology, green nan-
oparticles have shown strong application prospects. The 

Fig. 4  Applications of nanomaterials in various sectors. Nanomateri-
als demonstrate significant promise in biomedicine, featuring attrib-
utes like antimicrobial, anticancer, and antioxidant properties, along-
side drug delivery functions. In agriculture, nanomaterials primarily 

contribute to nanofertilizers and nanopesticides. Notably, they play a 
substantial role in water and soil purification. Within the food indus-
try, nanoparticles are widely employed in nanopackaging, nanonutra-
ceuticals, and nanocarriers
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Table 4  Diverse applications of green nanoparticles across multiple domains

Green nanoparticles Green source Morphology Particle size (nm) Applications References

Biomedical applica-
tions

Zinc oxide Aloe socotrina Spherical 15–50 Antibacterial Fahimmunisha et al. 
(2020)

Silver Veronica amygdalina Spherical 2–18 Antibacterial Aisida et al. (2019)
Zinc oxide Prunus dulcis Nearly spherical 25.2 Antibacterial Anand et al. (2019)
Zinc oxide Garlic, basil, rose-

mary
Spherical 14–27 Antibacterial Stan et al. (2016)

Elongated particles
Silver Berberis vulgaris Spherical 30–70 Antibacterial Behravan et al. (2019)
Iron oxide Caryocar guianensis Spherical 7–80 Antibacterial Sathishkumar et al. 

(2018)
Silver Carica papaya Spherical 12–28 Antibacterial, anti-

cancer
Devanesan et al. (2021)

Zinc oxide Camellia sinensis L Spherical 24.73 Anticancer Akbarian et al. (2020)
Iron oxide Garcinia mangostana Nearly spherical 6–20 Anticancer Yusefi et al. (2021)
Copper oxide Helianthus tuberosus Hexagonal and oval-

shaped
121.9 Anticancer Mariadoss et al. (2020)

Gold Mentha Longifolia Spherical 36.4 Anticancer Li et al. (2021)
Gold Siberian ginseng Spherical 200 Anticancer Wu et al. (2019)
Silver Eriobotrya japonica Spherical 15–37 Anticancer Jabir et al. (2021)
Platinum Atriplex halimus Spherical 1–3 Antioxidant, antibac-

terial
Hosny et al. (2022)

Platinum Polygonum salicifo-
lium

Spherical 1–3 Antioxidant, antibac-
terial

Vitta et al. (2020)

Zinc oxide Mangifera indica Quasi-spherical and 
hexagonal

20–80 Antioxidant Rajeshkumar et al. 
(2018)

Zerovalent iron Eucalyptus robusta Spherical 8 Antioxidant, antibac-
terial

(Vitta et al. 2020)

Copper Coccoloba arnotiana Spherical 60–90 Antioxidant Rajeshkumar et al. 
(2019)

Gold Sterculia genus Spherical 20–25 Drug delivery Pooja et al. (2015)
Gold Walnut Spherical 14 Drug delivery Fang et al. (2019)
Iron oxide Euphorbia 

cochinchensis
Spherical Less than 50 Drug delivery Cai et al. (2020)

Magnetite Strawberry Spherical 80 Drug delivery Orooji et al. (2020)
Zinc ferrite Aegle marmelos Spherical Not applicable Drug delivery Sriramulu et al. (2018)
Silver Aesculus hippocasta-

num
Spherical 50 Drug delivery Küp et al. (2020)

Silver Egg protein Not applicable Not applicable Drug delivery Owoseni-Fagbenro et al. 
(2019)

Agriculture applica-
tions

Phosphorus Pomegranate peel, cof-
fee ground

Aggregated particles Not applicable Nanofertilizer Abdelmigid et al. (2022)

Zinc Copper Basil Quasi-spherical Less than 100 Nanofertilizer Abbasifar et al. (2020)
Phosphorous Punica granatum cof-

fee ground
Aggregated particles 299.6, 167.5 Nanofertilizer Abdelmigid et al. (2022)

Silver Onion Cubic 30–50 Nanofertilizer Gosavi et al. (2020)
Nickel oxide Berberis balochis-

tanica
Aggregated particles Not applicable Bio-fertilizer Uddin et al. (2021)

Iron oxide, manganese 
oxide, iron/manga-
nese oxide

Auxin complex-con-
taining bacteria

Spherical 26.7, 22.3, 23.4 Bio-fertilizer de França Bettencourt 
et al. (2020)
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Table 4  (continued)

Green nanoparticles Green source Morphology Particle size (nm) Applications References

Silver Onion Spherical 19–37 Nanofertilizer Acharya et al. (2019)
Gold Triangular 30–113
zinc oxide Sphagneticola trilo-

bata Lin
Irregular 65–80 Nanofertilizer Shaik et al. (2020)

Gold Zingiber officinale Spherical 5–10 Nanofertilizer Abd El-Aziz and Al-
Othman (2019)

Iron oxide Cornus mas L Spherical 20–40 Nanofertilizer Rostamizadeh et al. 
(2020)

Silver Ulva lactuca Spherical 3.9–50 Nanopesticide Amin (2020)
Silver Ocimum basilicum Spherical 14–36 Nanopesticide Jafir et al. (2021)
Silver Moringa Oleifera Spherical 5–50 Nanopesticide Abdel-Rahman et al. 

(2022)
Zinc oxide Ulva fasciata nanorod 119–220 Nanopesticide El-Ansary et al. (2022)
Zinc oxide Mycogenic Spherical 30–63 Nanopesticide Shukla et al. (2020)
Copper Pseudomonas fluore-

scens
Spherical 10–70 Nanopesticide El-Saadony et al. (2020)

Iron oxide Trigonella foenum-
graecum

Aggregated and 
irregular particles

3.8–12 Nanopesticide Ramkumar et al. (2021)

Silver Fusarium oxysporum polydisperse 5.2–30 Nanopesticide Vivekanandhan et al. 
(2018)

Environmental reme-
diation

Copper oxide Wedelia urticifolia Spherical 40 Adsorbent Rather and Sundarapan-
dian (2022)

Iron Artocarpus hetero-
phyllus

Spherical 33 Fenton-like catalyst Jain et al. (2021)

Zinc oxide Jujube Spherical 29 ± 8 Photocatalyst Golmohammadi et al. 
(2020)

Nickel oxide Pomegranate Aggregated particles 25 ± 5 Photocatalyst Barzinjy et al. (2020)
Zirconium oxide Pseudomonas aerugi-

nosa
Tetragonal 15 Adsorbent Debnath et al. (2020)

Iron oxide Pomegranate Spherical 40–60 Adsorbent Salmani et al. (2021)
Iron oxide Neem leaf Aggregated particles Not applicable Sono-Fenton catalyst Prakash et al. (2021)
Iron oxide Green tea Aggregated particles 30–60 Fenton-like catalyst Wu et al. (2021)
Dysprosium stannate Ficus carica Spherical 40–50 Photocatalyst Zinatloo-Ajabshir et al. 

(2020)
Iron oxide Jengkol Not applicable 17.6 Adsorbent Rahmayanti et al. (2022)
Nickel oxide Arabic gum Spherical 59 Photocatalyst Sabouri et al. (2021a)
Magnesium oxide Enterobacter sp. Spherical 38–57 Removal of heavy 

metals from the soil
Ahmed et al. (2021)

Iron oxide Olive oil Spherical 37.8–77.6 Removal of heavy 
metals from the soil

Es’haghi et al. (2016)

Iron Green tea Not applicable 48–70 Removal of heavy 
metals from the soil

Soliemanzadeh and 
Fekri (2017)

Copper Shigella flexneri Spherical 17.2–38 Removal of heavy 
metals from the soil

Noman et al. (2020)

Zinc oxide Trichoderma harzi-
anum

Spherical, rod, and 
hexagonal

8–25 Antifungal agent Zaki et al. (2021)

Zinc oxide Streptomyces plicatus Spherical 21.7–22.4 Antimicrobial and 
nematicidal agents

Kalaba et al. (2021)

Silver Lysinibacillus boroni-
tolerans

Spherical 20 Antimicrobial agent Bhatia et al. (2021)

Silver Bacillus vallismortis Spherical 44–70 Antimicrobial agent Das et al. (2019)
Food applications
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exceptional capabilities of nanoparticles in these diverse 
sectors stem from their small size, distinctive morphology, 
extensive surface area, and distinct physical and chemical 
attributes. This versatility and potential for widespread 
application have made green nanomaterials an important 
research direction in the fields of science and engineering. 

Biomedical applications

Antibacterial effect

Undoubtedly, harmful bacteria in our surroundings pose a 
significant health risk, as they can easily infiltrate the human 
body. Additionally, the excessive use of antibiotics has led to 
drug resistance, complicating the treatment of various infec-
tions. Hence, ongoing research aims to uncover effective 
antibacterial agents for these challenging infections. Green 
nanoparticles have shown promising antibacterial activity 
against a wide range of gram-negative and gram-positive 
bacteria. However, the mechanisms behind growth inhibi-
tion and bactericidal effects remain unclear. Notably, the 
properties of nanoparticles, including their morphology, 
size, and surface area, among others, play a crucial role in 
determining how they damage bacterial cells. This could 
involve interactions between nanoparticles and cell walls/
membranes or the penetration of nanoparticles into bacterial 
cells, leading to their destruction.

Anand et al. (2019) fabricated zinc oxide nanoparticles 
from Prunus dulcis via the disk diffusion approach. The 
scanning electron microscopy, i.e., SEM showed the nearly 
spherical shape of zinc oxide with a size of around 25 nm. 

Moreover, the antibacterial action of zinc oxide was stud-
ied using the agar diffusion technique. The concrete results 
elucidated the propitious antibacterial activity of zinc 
oxide against gram-positive where its inhibition zones on 
S. aureus was 18 mm, while the diameter of the inhibition 
zones of zinc oxide on E. coli and Salmonella paratyphi 
was in the range of 32–25 mm. On the contrary, zinc oxide 
did not exhibit antibacterial activity toward gram-negative 
bacteria, such as Proteus mirabilius and Klebsiella pneu-
moniae (Anand et al. 2019). In another study, Stan et al. 
(2016) reported the synthesis of zinc oxide via a chemical 
approach and a green method from three green resources: 
garlic, basil, and rosemary. The experimental results showed 
a higher antibacterial action of the green zinc oxide than the 
chemically prepared zinc oxide. Furthermore, the maximal 
zone diameters of the as-fabricated zinc oxide from garlic, 
basil, and rosemary against S. aureus were 22.0 mm, 19.3 
mm, and 19.2 mm, respectively.

In one more attempt, Behravan et al. (2019) prepared sil-
ver nanoparticles from Berberis vulgaris and studied their 
antibacterial action on two bacterial species: S. aureus and 
E. coli. The excellent antibacterial effect of silver nano-
particles against both bacterial species was deduced. More 
importantly, the antibacterial mechanism of silver involves 
impairing the respiratory process of bacteria through poten-
tial interactions between silver and thiol groups. In addi-
tion, the high affinity of silver nanoparticles toward sulfur 
and phosphate-containing membrane cells facilitates the 
interaction between silver nanoparticles and the bacterial 
cell membrane. This plausible mechanism was consistent 
with Sathishkumar et al. (2018), suggesting that magnetite's 

Table 4  (continued)

Green nanoparticles Green source Morphology Particle size (nm) Applications References

Zinc oxide Cassia fistula Polyhedron 20–40 Food packaging Kumar et al. (2020a)
Silver Gliricidia sepium Not applicable 176 Food packaging Martínez-Molina et al. 

(2022)
Zinc oxide Citrus sinensis hexagonal 33.1 ± 11.7 Food packaging Gao et al. (2020)
Zinc oxide/silver Thymus vulgaris Spherical 5 nm silver onto 

the zinc oxide 
surface

Food packaging Zare et al. (2019)

Silver Grape Spherical 3–14 Food packaging Soto et al. (2019)
Orange 5–50

Zinc oxide Mimusops elengi Hexagonal 14–48 Food packaging Kumar et al. (2019)
Silver Vitis vinifera Spherical 30 Food packaging Kowsalya et al. (2019)
Silver Madhuca latifolia Spherical 2–30 Food packaging Biswal and Misra 

(2020)
Silver Penicillium oxalicum Spherical 10–40 Food packaging Rose et al. (2019)
Silver Cicer arietinum L Cubic 12.2 Food packaging Baran et al. (2022)

It highlights the synthesis of these nanoparticles from various green sources, outlining their morphologies and particle sizes resulting from the 
green fabrication process. Additionally, the table delineates the broad spectrum of potential applications that green nanoparticles offer across dif-
ferent sectors
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antibacterial effect against S. aureus and E. coli occurred 
via the collapse of the cell membrane. Besides, deoxyri-
bonucleic acid, i.e., DNA destroying and reactive oxygen 
species formation mechanisms, contributed to the damage 
of bacterial cells.

In conclusion, green nanoparticles have demonstrated 
impressive antibacterial effects against numerous bacterial 
species. The antibacterial activity of nanoparticles is greatly 
influenced by their morphology, size, and surface area, 
which play a significant role in causing damage to bacte-
rial cells. Typically, the breakdown of bacterial cells occurs 
through membrane disruption and/or damage to the deoxyri-
bonucleic acid, along with the formation of reactive oxygen 
species. However, further research is needed to understand 
the precise interaction pathways between nanoparticles and 
bacterial cells.

Anticancer effect

Globally, a staggering number of deaths occur annually due 
to cancer. This has prompted ongoing research to develop 
effective therapies for this malignant ailment (Jahangirian 
et al. 2017). Treatment approaches such as chemotherapy, 
surgery, and radiotherapy entail substantial patient risks. 
These include potential harm to healthy cells, insufficient 
drug delivery to tumors, and drug instability (Garg et al. 
2021). Consequently, finding an innovative therapeutic 
approach to address these drawbacks is paramount. Green 
nanoparticles have demonstrated remarkable anticancer 
properties against diverse cancer cell types.

In this context, Devanesan et al. (2021) examined the 
anti-tumor activity of the green-synthesized silver nanopar-
ticles from Carica papaya against the human liver cancer 
cell line, such as HepG2. Cytotoxicity of the green silver 
nanoparticles revealed that half maximal inhibitory concen-
tration, namely IC50 of silver nanoparticles to treat human 
breast cancer cell line, i.e., MCF-7 was about 10 μg/mL 
during 24 h, while it increased to threefold during the next 
24 h. Furthermore, the anti-proliferation action of silver was 
scrutinized against MCF-7, implying a diminution in the 
volume of the cell line. It demonstrated the capacity of silver 
nanoparticles to induce apoptosis in the HepG2, MCF-7, and 
human lung cancer cell lines such as A549, as evidenced by 
acridine orange and ethidium bromide staining after 24–72 
h. Moreover, Li et al. (2021) prepared gold nanoparticles 
from Mentha longifolia to kill breast cancer cells. Scanning 
electron microscopy elucidated the spheroidal morphology 
of the green gold nanoparticles with a size of 30–45 nm. 
Such a particle size is a preference for anti-tumor appli-
cations since it is less than 50 nm (Hemmati et al. 2020). 
Thence, gold nanoparticles exhibited promising anti-breast 
cancer actions against MCF-7, human mammary gland/
breast adenocarcinoma cell line, i.e., Hs 578Bst, human 

mammary gland/breast adenocarcinoma cell line such as 
UACC-313, and breast cancer cells namly Hs 319.T with-
out toxicity to the normal cell. In addition, the bio-fabricated 
magnetite with an extract concentration of 10 wt% revealed 
higher anti-tumor activity. In addition, the IC50 of the colon 
cancer and normal cells were 99.8 μg/mL and 140.8 μg/mL, 
respectively (Yusefi et al. 2021). Shortly, green nanoparti-
cles elucidated an auspicious anti-tumor action against sev-
eral cancer cells without cytotoxicity. This new therapeutic 
way opens a new avenue to finding the finest treatment for 
this deadly disease. Nevertheless, most of the studies lack 
the in vivo analysis to confirm the viability of these green 
nanoparticles as anti-tumor drugs.

Antioxidant effect

Antioxidants, whether natural or synthetic, play a crucial 
role in preserving biomolecules like sugars, nucleic acids, 
and proteins from damage caused by free radicals. These 
antioxidants can be categorized into two main groups: natu-
ral compounds, which encompass exogenous sources like 
vitamins, carotenoids, polyphenols, and metal elements, as 
well as endogenous sources like enzymatic and nonenzy-
matic substances. Furthermore, there exist synthetic antioxi-
dants such as phenolic compounds and nanooxidants (Ben-
dary et al. 2013). Notably, many antioxidant mechanisms, 
such as the scavenging of reactive oxygen species, depend 
on the number and position of active groups. In addition, an 
antioxidant also acts via the inhibition of enzymes, hydro-
gen peroxide/hydroperoxide decomposition, and metal ions 
chelation mechanism (Flieger et al. 2021).

In one study by Hosny et al. (2022), platinum nanoparti-
cles were synthesized using Atriplex halimus for potential 
biological applications. The high-resolution transmission 
electron microscopy images displayed the spherical struc-
ture of these bio-synthesized platinum nanoparticles, char-
acterized by a small particle size ranging from 1 to 3 nm. 
Interestingly, the study observed a significant increase in 
the scavenging percentage of the 1,1-diphenyl-2-picrylhy-
drazyl radical, namely DPPH when exposed to these plati-
num nanoparticles. The DPPH scavenging percentage rose 
dramatically from an initial value of 13.8% to a remark-
able 72% as the concentration of the platinum nanoparticles 
increased from 12.5% to 50 mg/mL. Furthermore, the scav-
enging activity of A. halimus against DPPH was measured at 
48.35% when the concentration of A. halimus was elevated 
to 50 mg/mL. The positive control group using vitamin C 
demonstrated a lower scavenging percentage against DPPH 
compared to the platinum nanoparticles and A. halimus. The 
scavenging rate of vitamin C reached 47.8% at a concentra-
tion of 50 mg/mL.

In another study, Vitta et  al. (2020) tested the anti-
oxidant actions of  Eucalyptus robusta  and the derived 



862 Environmental Chemistry Letters (2024) 22:841–887

bio-synthesized zerovalent iron from it against DPPH radi-
cals. The scavenging capacity of zerovalent iron nanoparti-
cles was observed to be higher than pure Eucalyptus robusta. 
While assessing the scavenging capabilities of the extract 
and bio-fabricated zerovalent iron, it is essential to note that 
not all previous studies have concurred with these findings. 
Some investigations have suggested that the scavenging 
capacity of zerovalent iron nanoparticles is either lower or 
occasionally on par with that of the unaltered extract (Rosli 
et al. 2018; Ibrahim et al. 2019). It was detected that lower 
concentrations of polyphenols and flavonoids in zerovalent 
iron nanoparticles than in the pure extract reflected the con-
tribution of these compounds to the reduction process dur-
ing the fabrication of zerovalent iron nanomaterial. More 
importantly, the presented polyphenols and flavonoids in 
zerovalent iron nanoparticles could act as stabilizing agents.

In summary, antioxidants derived from environmentally 
friendly sources have shown remarkable effectiveness in 
neutralizing free radicals such as 1,1-diphenyl-2-picrylhy-
drazyl radical, namely DPPH. Nanoparticles synthesized 
from natural sources can capture free radicals through 
diverse mechanisms, including enzyme inhibition, chelation 
of metal ions, and the direct scavenging of reactive oxygen 
species. Notably, in certain instances, the inherent antioxi-
dant potency of the unprocessed extract might surpass that 
of the synthesized nanoparticles, while in other scenarios, 
the opposite could hold. The antioxidative efficiency of 
these eco-friendly nanoparticles hinges on the concentra-
tions of phenolic compounds and flavonoids present within 
the extract.

Drug delivery

Advancements in drug delivery systems have become nec-
essary to enhance the effectiveness of pharmaceutical com-
pounds, including vaccines, proteins, enzymes, and drugs. 
Conventional drug delivery methods such as solutions, 
emulsions, and suspensions encounter various challenges, 
including high dosages, limited selectivity and availability, 
reduced stability, and the potential for fluctuations in plasma 
drug levels. As a result, extensive efforts have been dedi-
cated to achieving targeted delivery that avoids clearance or 
rapid degradation. The evolution of drug delivery systems 
can be categorized into three generations. The first genera-
tion primarily focused on achieving sustained transdermal 
and oral administration release. The second generation 
emphasized the utilization of environmentally friendly nano-
materials. The third generation tackles the physicochemical 
and biological limitations of drug delivery systems (Kanwar 
et al. 2019). Interestingly, nanosubstances have exhibited 
promising drug delivery systems for treating varied diseases 
owing to their controlled drug release, high drug-loading 

capacity, bioavailability, targeted delivery, and conserving 
loaded drugs of moisture, physiological pH, and enzymes.

In this perception, Owoseni-Fagbenro et al. (2019) inves-
tigated utilizing the egg protein as a stabilizing agent for 
silver nanoparticles (protein-capped silver) for fabricating a 
drug vehicle to hesperidin. It was found that the hesperidin 
loading rate reached 83.3%, suggesting the protein-capped 
silver capability to deliver hesperidin to the targeted cells 
with a high concentration. Notably, the polydispersity index 
of free protein-capped silver was 0.3, which increased to 0.5 
after the loading of hesperidin, implying successful drug 
loading. Furthermore, zeta potential measurements dem-
onstrated that the net charge onto free protein-capped sil-
ver was − 18.5 mV. In comparison, the carried charge onto 
the surface of hesperidin-loaded protein-capped silver was 
− 20.2 mV. The observed augmentation in the net surface 
charge of protein-capped silver after loading with hesperidin 
can be attributed to negatively charged groups within the 
hesperidin molecules.

In another study, Fang et al. (2019) reported the prepara-
tion of gold nanoparticles from Juglans regia for using them 
as a release vehicle for zonisamide. The zonisamide release 
rate from zonisamide-gold nanoparticles was compared to 
the free zonisamide, revealing that zonisamide released 
gradually from the zonisamide-gold system, whereas the 
free zonisamide demonstrated an earlier release for ten 
days. Then, after 11 days, the total release percentages of 
zonisamide from the zonisamide-gold system and free zon-
isamide were 76.2% and 96%, respectively, inferring the 
viability of the as-prepared zonisamide-gold system as a 
release vehicle for zonisamide.

In this connection, Küp et al. (2020) explored the drug-
release behavior of silver nanoparticles derived from Aescu-
lus hippocastanum. The study initially examined the Fourier 
transform infrared, i.e., FTIR spectrum of resveratrol-loaded 
silver nanoparticles, confirming the binding of resveratrol 
to the silver nanoparticles. Furthermore, the zeta potential 
measurements indicated an increase in the negative charge 
carried by resveratrol upon binding with silver nanoparticles, 
transitioning from − 12 to − 34 mV. This shift in zeta poten-
tial reflected the successful conjugation between resveratrol 
and silver nanoparticles. The release profile of resveratrol 
was then assessed. Within the initial half-hour, the release 
rate reached 11.3% at pH 5.2 and 8% at pH 7.4. After 5 h, the 
release percentages increased to 45.6% at pH 5.2 and 32.3% 
at pH 7.4. This observation indicated that the release rate of 
resveratrol was notably quicker in an acidic environment, 
which is consistent with prior research (Kou et al. 2013). 
This accelerated release in an acidic medium aligns with 
the potential effectiveness of the acidic conditions found 
in cancer cells on the resveratrol release profile. In conclu-
sion, using green nanomaterials has shown promising results 
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regarding drug-loading efficiency and controlled release for 
various medications. However, the lack of in vivo studies 
remains a constraint, hampering their broader application 
in the field of pharmacology.

Agriculture applications

Nanofertilizers

Bio/nanofertilizers represent environmentally friendly sub-
stances capable of supplying essential nutrients to plants, 
fostering their growth, and increasing crop productivity. Bio-
fertilizers, also known as bacterial fertilizers or microbial 
cultures, utilize live or dormant microorganisms to stimu-
late plant growth. These bio-fertilizers are categorized into 
beneficial nutrients, nitrogen fixation, phosphorus stabiliza-
tion, phosphorus mobilization, and plant growth-promoting 
rhizobacteria (El-Ghamry et al. 2018). On the other hand, 
nanofertilizers can be divided into three categories: (i) nano-
particulates, including nanoparticles like titanium dioxide, 
silica, and carbon nanotubes, which enhance plant growth; 
(ii) micronutrients, including copper, zinc, iron, molybde-
num, nickel, and manganese; and (iii) macronutrients com-
bine phosphorus, calcium, nitrogen, and potassium. Notably, 
research has indicated that phosphatic nanofertilizers led to a 
remarkable 32% increase in soybean growth and a 20% boost 
in seed production compared to conventional fertilizers (Liu 
and Lal 2014). Furthermore, calcium phosphate nanomateri-
als decorated with potassium and nitrogen have the potential 
to reduce plant nitrogen requirements by approximately 40% 
more than conventional fertilizers.

Bio/nanofertilizers can foster plant growth via many 
mechanisms: (i) reduce hazardous impacts of abiotic and 
biotic stresses on the plants; (ii) increase the nutrient solubil-
ity; (iii) induce the phytohormone production in soils that 
foster plant nutrition; (iv) improve the growth of plants by 
nitrogen fixation; (v) enhance the fertility of soils; and (vi) 
sustain a suitable environment (El-Ghamry et al. 2018). In 
this context, de França Bettencourt et al. (2020) reported 
the bio-synthesized silver nanoparticles from onion as a 
nanofertilizer for brinjal and tomato. The green plants were 
sprayed with varied concentrations of silver nanoparticles 
ranging from 5 to 15 mL/L. The plant's vigor and weight 
were higher with raising the nanofertilizer concentration 
to 15 mL/L. This result may be ascribed to the abundance 
of proteins, phosphorous, carbohydrates, and potassium in 
onions that can improve the growth of plants (Gosavi et al. 
2020). Additionally, de França Bettencourt et al. (2020) 
fabricated a bio-fertilizer incorporating bacteria-containing 
auxin complexes to promote the growth of maize plantlets. 
The results deduced the positive impact of the singlet oxides 
(iron oxide and manganese oxide) and the mixed oxides on 

boosting seed germination, fresh weight, and developing the 
roots of maize plantlets.

In summary, green nanomaterials offer a viable avenue for 
utilization as bio/nanofertilizers, facilitating plant growth, 
seed germination, and overall fresh weight enhancement. 
Nanofertilizers can not only help plants better cope with 
various pressures such as drought, diseases, and pests but 
also trigger a series of biochemical reactions in the plant 
body, such as enhancing the plant's immune capacity and 
stimulating the production of auxin in the plant. In addi-
tion, the use of nanofertilizers also helps to increase the 
solubility of nutrients in the soil, improving soil structure 
and fertility while further promoting healthy plant growth. 
These environmentally friendly fertilizers are produced 
through straightforward and rapid methods. The augmenta-
tion of plant growth can be attributed to a diverse range of 
mechanisms.

Pesticides

Plant diseases pose an urgent challenge, resulting in an 
annual cost of approximately 220 billion dollars to global 
agriculture (Wang and Nguyen 2018). These diseases 
encompass a variety of sources, including protozoa, insects, 
fungi, worms, parasites, bacteria, and viruses, all of which 
contribute to crop damage. In response, biological and 
chemical pesticides have advanced to address the com-
plexities of modern agriculture (Kaur et al. 2022). Recent 
years have seen the emergence of novel technology in the 
agricultural sector: nanopesticides. These nanopesticides 
involve encapsulating pesticides to regulate their release, 
enhance stability, and improve selectivity. Nanopesticides 
offer a range of notable advantages, including (i) augmenting 
the solubility of otherwise insoluble active ingredients, (ii) 
refining the release dynamics of the pesticide, (iii) enhancing 
mobility due to their diminutive particle size, (iv) fortifying 
pesticide stability and deterring premature degradation, (v) 
extending effective functioning over time, and (vi) dimin-
ishing the presence of harmful components (Athanassiou 
et al. 2018). Remarkably, adopting nanopesticides exhibits 
substantial potential in combating plant diseases, boast-
ing benefits such as heightened water solubility, controlled 
release mechanisms, improved mobility, prolonged effective-
ness, and reduced inclusion of detrimental elements. This 
comprehensive array of advantages presents a viable and 
promising solution to the pressing agricultural challenges 
faced on a global scale.

In this context, El-Saadony et al. (2020) compared the 
insecticidal effects of copper nanoparticles derived from 
Pseudomonas fluorescens with those of chemically syn-
thesized copper nanoparticles. The results revealed that as 
the concentration of bio-fabricated copper nanoparticles 
increased, the mortality percentage of Tribolium castaneum 
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also rose, reaching 100% after five days when using 300 ppm 
of bio-copper. On the other hand, the chemically manufac-
tured copper nanoparticles did not exhibit an apparent det-
rimental effect on Tribolium castaneum, potentially due to 
insufficient copper concentrations in the chemical formula-
tion to effectively eliminate the pest. This observation aligns 
with the findings of Shaker et al. (2016), who reported a 
mortality rate of 95% for Spodoptera littoralis when using 
1000 ppm of chemical copper oxide (Shaker et al. 2016). 
Moreover, the chemical copper nanoparticles tended to 
aggregate, highlighting the need to incorporate a stabilizing 
agent to mitigate this aggregation issue.

In another study, properties of bio-fabricated iron oxide 
sourced from Trigonella foenum-graecum (fenugreek) 
against Tuta absoluta. Employing a low concentration of 
100 μg/mL of iron oxide, the mortality rate of T. absoluta 
reached 72% within 3 days. Similarly, Vivekanandhan et al. 
(2018) demonstrated the remarkable larvicidal efficacy of 
bio-fabricated silver nanoparticles against three mosquito 
species. Additionally, Benelli (2018) underscored the sub-
stantial toxicity of green nanoparticles to mosquito larvae 
without causing adverse effects on aquatic organisms. How-
ever, it is crucial to acknowledge that the potential adverse 
effects of nanomaterials on the environment remain incom-
pletely understood. Thus, a comprehensive understanding of 
the environmental behavior of nanopesticides, both during 
and after their application, necessitates further assessments 
to discern their potential impacts on ecosystems.

Environmental remediation

Water remediation

Water pollution represents a profound and widespread 
challenge that threatens the overall health of the planet. 
In response, environmental experts have been dedicated 
to developing effective methods for water remediation, 
including coagulation, precipitation, catalysis, ozonation, 
and adsorption. Among these techniques, adsorption and 
catalysis stand out due to their commendable efficiency, 
straightforward processing, low toxicity, and potential 
for reusability. These attributes make them particularly 
attractive options for the purification of wastewater. Green 
nanomaterials have showcased impressive adsorption and 
catalytic capabilities, particularly in removing hazardous 
pollutants such as pharmaceutical residues, heavy metals, 
aromatic compounds, and organic dyes.

In this context, Jain et al. (2021) fabricated iron nano-
material derived from Artocarpus heterophyllus to degrade 
Fuchsin's basic dye. X-ray diffraction analysis confirmed 
the successful synthesis of zerovalent iron, hematite, and 
iron oxyhydroxide. Employing an iron/hydrogen peroxide 
system, they achieved excellent Fenton-like degradation of 

Fuchsin basic, with a degradation rate of 87.5% within the 
first 20 min. In contrast, the degradation rate was merely 
4.8% when using hydrogen peroxide alone, devoid of iron 
nanoparticles. Fuchsin basic degradation involved adsorp-
tion and Fenton-like degradation, as Eqs. (1–8) outlined.

(1) Adsorption

(2) Fenton-like process

Moreover, Prakash et al. (2021) delved into the degrada-
tion of acid blue-15 using magnetite synthesized through 
green methods in a sono-Fenton reaction. The study inferred 
that the activation of hydrogen peroxide to generate hydroxyl 
radicals could occur through multiple pathways: (i) the  Fe2+/
Fe3+ redox reaction, (ii) leached iron ions initiating a homo-
geneous Fenton process, (iii) the power of ultrasonic waves 
splitting hydrogen peroxide, and (iv) water splitting leading 
to the production of hydroxyl radicals. Subsequently, these 
generated hydroxyl radicals could effectively target acid 
blue-15, generating intermediates that react with hydroxyl 
radicals and ultimately transform into carbon dioxide and 
water.

In one attempt, Rahmayanti et al. (2022) explored the 
adsorption capabilities of magnetite nanoparticles derived 
from Jengkol toward methylene blue. The increase in Jeng-
kol extract volume, ranging from 5 to 15 mL, led to a reduc-
tion in the particle size of the magnetite. This phenome-
non is likely attributed to the significant role of Jengkol's 
phenolic content as a capping agent, preventing particle 
agglomeration. Analyzing the magnetism using a vibrating 
sample magnetometer revealed that pure magnetite exhibited 
higher magnetism than the magnetite derived from Jengkol. 
Specifically, the saturation magnetization values were 68.4, 
25.6, and 12.9 emu/g for pure magnetite and Jengkol-derived 
magnetite using 5 mL and 15 mL of extract, respectively. 
Notably, according to the Langmuir model, the calculated 
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adsorption capacities of methylene blue onto magnetite were 
65.4 and 68.5 for Jengkol-derived magnetite using 5 mL and 
15 mL extract, respectively. The adsorption mechanism for 
methylene blue onto Jengkol-derived magnetite primar-
ily occurred through hydrogen bonding and electrostatic 
interactions.

In another attempt by Debnath et al. (2020), zirconium 
oxide was synthesized using Pseudomonas aeruginosa to 
adsorb tetracycline from wastewater. The efficacy of tet-
racycline removal by zirconium oxide increased as the pH 
was raised, reaching its peak (more than 98%) at pH 6. This 
phenomenon can be attributed to the versatile nature of tet-
racycline, encompassing cationic form (pH less than 3.3), 
anionic form (pH more than 7.7), and zwitterionic form (pH 
3.3–7.7). This indicates the likelihood of electrostatic inter-
actions between the zwitterionic tetracycline and the posi-
tively charged zirconium oxide (7.2 point of zero charge). 
Remarkably, zirconium oxide exhibited a distinct adsorption 
behavior compared to other green adsorbents of relevance. 
Its maximum adsorption efficiency reached an impressive 
526.32 mg/g in a concise span of 15 min. Furthermore, 
zirconium oxide showcased excellent recyclability, with a 
removal efficiency of 81.6% even after undergoing five use 
cycles.

Soil remediation

The issue of severe soil contamination has worsened over 
time, resulting in increasing detrimental effects on both 
ecosystems and human health. Various methods have been 
employed to address soil pollution, including excavation/
disposal and excavation/ex situ treatment. However, these 
approaches are time-consuming, costly, and highly toxic. 
As a result, in situ treatment techniques, such as introduc-
ing nanoparticles into the soil, have gained popularity. Spe-
cific green nanomaterials have demonstrated remarkable 
efficacy in remediating contaminants like dyes and heavy 
metals within the soil. This is attributed to their heightened 
mobility, exceptional reactivity, low toxicity, and substantial 
surface area (Wang et al. 2019). Generally, soil remediation 
is not the main factor in boosting the quality of soil; there 
are other factors, including (i) decline of the aggregation of 
the soil, (ii) enhance the organic material-containing soil, 
(iii) boost the nitrogen-phosphorus-potassium cycle, and (iv) 
promote the soil nutrition.

In one study, Soliemanzadeh and Fekri (2017) prepared a 
bentonite-green zerovalent iron nanocomposite for removing 
chromium from polluted soil. The Fourier transform infrared 
pattern showed the characteristic bands of the polyphenols-
containing green tea, reflecting the dual function of green tea 
that acts as a reducing and stabilizing agent. The experimen-
tal results demonstrated the lower released chromium ions 
from the treated soil by bentonite-green zerovalent iron than 

the control one. In addition, a decline in the mobile fraction 
and an increase in residual and oxide-bound fractions were 
recorded. These findings inferred the preference for ben-
tonite-green zerovalent iron nanocomposite to stabilize and 
adsorb chromium ions from pollutant soils. Furthermore, 
Noman et al. (2020) concluded that the biogenic copper 
nanomaterials boosted the length of wheat plants and their 
biomass by declining the cadmium influx and enhancing the 
nutrients delivered. Thus, copper could be exploited instead 
of remote techniques to dwindle the cadmium stress in wheat 
plants. Although the confirmed ability of green nanoparti-
cles to decline the heavy metals stress in several plants, the 
molecular pathways of nanoparticles in plants during the 
alleviation of the metal stress need more investigations.

In another study, Zaki et al. (2021) reported the appli-
cation of the bio-fabricated zinc oxide from Trichoderma 
harzianum as an antifungal agent against soil pathogens, 
including Macrophomina phaseolina, Rhizoctonia solani, 
and Fusarium sp. in different cotton cultivars. It was con-
cluded that the antifungal action of zinc oxide changed 
according to the cotton cultivar since in Giza90, the plant 
survival, length, and weight were improved, inferring the 
high efficacy of zinc oxide 200 μg/mL in controlling the 
disease. In the Giza94 cultivar, although the plant survival 
was boosted compared to the controlled infested plant using 
200 μg/mL of zinc oxide, the disease control was not prefer-
able in terms of survival. Nevertheless, zinc oxide showed 
eminent treatments in the weight and length of the Giza94 
cultivar. Moreover, Kalaba et al. (2021) used the bio-pre-
pared zinc oxide from Streptomyces plicatus for controlling 
plant microbes. The experimental results elucidated that 
the excellent death rate of Meloidogyne incognita attained 
96.7% within three days. Furthermore, zinc oxide promoted 
the seed germination of Vicia faba using a concentration 
in the range of 12.5–50 μg/mL. Green nanoparticles have 
demonstrated remarkable efficacy in soil remediation, par-
ticularly in removing heavy metals such as cadmium, nickel, 
arsenic, and chromium from contaminated soils. Moreover, 
these nanoparticles have antimicrobial solid effects against 
various plant pathogens, influencing plant weight, length, 
and overall survival.

Food applications

Ensuring the safety and freshness of food products is the pri-
mary objective of the food industry. Maintaining the fresh-
ness of fruits and vegetables for extended periods presents 
a critical challenge due to potential microbial contamination 
and inherent natural deterioration. Additionally, the quality 
of food products can deteriorate during storage and the sup-
ply chain (Martínez-Molina et al. 2022). Consequently, there 
is a pressing need to enhance the food packaging process to 
extend the shelf life of these products. Green nanomaterials 
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have been extensively applied to the food sector, including 
anticaking agents, nanoadditives, and antimicrobial agents. 
They are precious in food packaging due to their potential 
to act as quality sensors, capable of monitoring and record-
ing food quality (Ezhilarasi et al. 2013). However, a com-
prehensive assessment of nanomaterial toxicity is impera-
tive to unlock its full potential in the food industry (Dikshit 
et al. 2021). Moreover, establishing regulations governing 
the production and application of nanomaterials in the food 
sector is crucial.

In one investigation, Gao et al. (2020) compared the pre-
servative effects of green-fabricated zinc oxide and its com-
mercial counterpart. The investigation evaluated weight loss, 
firmness, and rotting rates of strawberries treated with green 
zinc oxide/carboxymethyl cellulose, commercial zinc oxide/
carboxymethyl cellulose, and carboxymethyl cellulose, com-
pared to control strawberries. The outcomes indicated the 
beneficial impact of carboxymethyl cellulose in reducing 
weight loss in strawberries. Furthermore, after five days, the 
strawberries coated with commercial zinc oxide/carboxym-
ethyl cellulose exhibited lower weight loss than those coated 
with green nanoparticles. Both green and commercial zinc 
oxide demonstrated the ability to inhibit mold growth and 
extend the shelf life of treated strawberries, attributed to 
their potent antifungal properties.

Additionally, the treated strawberries with green and 
commercial zinc oxide exhibited higher firmness than the 
control samples. Likewise, Kumar et al. (2019) investigated 
the packaging effectiveness of green zinc oxide-incorporated 
agar for preserving green grapes. Practical experiments 
revealed moldy spots on a significant portion of plastic-
wrapped green grapes after a week, accompanied by a foul 
smell. Control green grapes exhibited mildew at the ends 
and yellow spots on the surface. In contrast, green grapes 
wrapped with 2% zinc oxide-incorporated agar remained 
fresh and visually appealing after two weeks. Interestingly, 
increasing the proportion of zinc oxide to 4% extended the 
shelf life of green grapes to 21 days. In summary, green 
nanoparticles have demonstrated a notable preservation 
capability across various food products. Their potent anti-
fungal properties make them particularly suitable for pack-
aging materials. However, comprehensive toxicity studies 
are required to harness their potential in the food industry.

Photovoltaics and energy storage

Carbon, a fundamental component of life and a pivotal ele-
ment in coal, never ceases to amaze us with its remarkable 
versatility. Its latest manifestation as graphene has sparked 
renewed fascination. Graphene quantum dots, a captivat-
ing nanomaterial comprising one or a few graphene layers, 
boast exceptional and distinctive properties. These quantum 
dots find utility in diverse fields by merging carbon dots and 

graphene attributes. Graphene quantum dot-based materials 
could be used in sensing, bioimaging, and energy storage 
(Rathnasamy et al. 2017; Kumar et al. 2020b). A meticulous 
spotlight is directed toward prevalent applications, encom-
passing electrochemical and photoluminescence sensors, 
electrochemiluminescence sensors, humidity, and gas sen-
sors, bioimaging, lithium-ion batteries, supercapacitors, 
and dye-sensitized solar cells. With a quest for innovative 
production pathways, researchers seek to unearth novel tech-
niques for synthesizing graphene quantum dots, emphasizing 
their distinctive traits and properties.

Intriguingly, the synthesis of graphene quantum dots 
materializes through green synthesis routes, employing 
an array of carbon precursors such as fruit extracts, peels, 
food waste, algal blooms, bacteria, milk, cabbage, and 
even human urine (Li et al. 2011; Chen et al. 2018; Kumar 
et al. 2020b). A comparative analysis against conventional 
synthesis underlines the varying morphology and ultra-
violet–visible spectroscopy absorbance achieved via green 
chemistry methods. A comparative analysis against conven-
tional synthesis emphasizes the variable morphology and 
ultraviolet–visible spectroscopy absorbance achieved via 
green chemistry methods. For instance, Teymourinia et al. 
(2017) employed a green chemistry approach to synthesize 
graphene quantum dots using corn powder as a precursor. 
The synthesized graphene quantum dots were subjected to 
an ultraviolet light-induced rhodamine B degradation test. 
Compared to traditional titanium oxide materials, the gra-
phene quantum dots/titanium oxide composite exhibited 
remarkable photocatalytic activity, achieving approximately 
53% degradation of rhodamine B within 80 min.

Similarly, Chen et  al. (2018) undertook a green and 
efficient hydrothermal approach, utilizing natural polymer 
starch as a graphene quantum dot production precursor. 
The outcome yielded graphene quantum dots, along with 
water and carbide precipitate. Notably, the diameter of the 
generated graphene quantum dots fell within the range of 
2.3–3.5 nm. This green chemistry method facilitated car-
bonization and functionalization, harnessing biomass car-
bon sources and employing low reaction temperatures. The 
resultant quantum dots exhibited distinctive fluorescence 
characteristics contingent on the surface functionalities 
present. These examples underscore the potential of green 
synthesis approaches in producing graphene quantum dots 
with tailored properties, promising advancements in fields 
like photocatalysis and fluorescence modulation.

Many investigators have discussed the role of graphene 
quantum dots and the effect of their concentration as a sen-
sitizer material in different types of solar cells to achieve 
better power conversion efficiency. Solar energy is para-
mount to replacing traditional non-renewable sources like 
fossil fuels. The core of a solar cell, a p–n junction, operates 
via the photovoltaic effect, where electrons and holes serve 
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as charge carriers contributing to photocurrent (Chuhadiya 
et al. 2021). Among these advancements are organic and per-
ovskite solar cells; dye-sensitized solar cells have emerged. 
Dye-sensitized solar cells encompass a dye-loaded photo-
anode, an electrolyte with a redox couple, and a catalytic 
counter electrode.

Teymourinia et al. (2018) have synthesized two types of 
graphene quantum dots at two different temperatures for 8 h 
and 48 h, respectively, through the green synthesis method 
using corn powder as a starting material. It has been investi-
gated as a dye-sensitized solar cell that achieved 14.8% and 
21.6% power conversion efficiency while using graphene 
quantum dots as down conversion material.

Additionally, Rathnasamy et  al. (2017) employed a 
green synthesis technique, utilizing C. papaya leaf extract, 
to synthesize hexagonal wurtzite zinc oxide nanoparticles. 
Through a comprehensive characterization involving various 
analytical methods, they delved into the resulting sample’s 
structural phase purity, morphology, and size. The outcomes 
of these analyses unveiled that the synthesized zinc oxide 
nanoparticles exhibited a singularly pure hexagonal wurtzite 
structure, adopting a spherical form with an approximate 
particle size of 50 nm. Notably, the application potential 
of these synthesized zinc oxide nanoparticles extended to 
photocatalysis and photovoltaics. In the context of photoca-
talysis, these nanoparticles demonstrated the capability to 
entirely degrade methylene blue dye within 180 min under 
ultraviolet light irradiation.

Moreover, when integrated as a photoanode in dye-sen-
sitized solar cells, they showcased an energy conversion 
efficiency of 1.6% alongside a current density of 8.1 mA 
 cm−2. In essence, this study underscores the successful uti-
lization of green synthesis techniques to fabricate zinc oxide 
nanoparticles, highlighting their multifaceted utility in both 
environmental remediation and energy-related applications. 
In conclusion, the synergy between green nanotechnology 
and energy cells, exemplified by photovoltaics, illuminates 
a path toward a greener and more energy-efficient future. By 
harnessing the potential of nanomaterials, sustainable syn-
thesis methods, and innovative solar cell technologies, we 
can contribute to the global transition to renewable energy 
sources and mitigate the environmental challenges of con-
ventional energy generation.

Advantages and limitations

A pioneering approach in green nanotechnology has intro-
duced a novel paradigm that focuses on creating nanotech-
nologies with zero carbon emissions and minimal pollution. 
Notably, this process avoids using hazardous synthetic chem-
icals for reduction, setting it apart from other non-chemical 
approaches like bacterial, fungal, and algal nanoparticle 

synthesis (González-Ballesteros et al. 2017; Thipe et al. 
2022). Beyond the inherent advantages of traditional green 
synthesis, these green nanotechnology techniques offer the 
additional benefits of speed and cost-effectiveness. Leverag-
ing agricultural waste materials, they ensure environmental 
sustainability (Joseph et al. 2021; Mbatha et al. 2021; Pal-
ombarini et al. 2021; Kadkhoda et al. 2022; Kumar and Lim 
2022; Yang et al. 2022).

The ambition of green nanotechnology is to eliminate 
all harmful substances from production processes, as noted 
by various researchers (Al-Yasiri et al. 2017; Gamal-Eldeen 
et al. 2017; Katti et al. 2018; Thipe et al. 2019; Khoobchan-
dani et al. 2020; Sibuyi et al. 2021; Tangthong et al. 2021). 
An integral facet of green nanotechnology involves the use 
of plant-derived phytochemicals as agents for reducing and 
stabilizing metal ions into metallic nanoparticles (Thipe 
et al. 2022). Green chemistry is governed by 12 widely 
acknowledged principles that serve as a framework for cre-
ating or enhancing materials, procedures, products, and sys-
tems: (i) hazardous waste minimization, (ii) maximizing the 
end product through atom-level synthesis route economy, 
(iii) the synthetic pathways don’t contain any dangerous sub-
stances, (iv) creating safe and biocompatible materials, (v) 
application of environmentally friendly solvents like water, 
(vi) low energy inputs are used to provide high yields with 
little adverse effects on the environment and the economy, 
(vii) sustainability through the utilization of renewable feed-
stock or raw materials, (viii) minimize derivatives to pre-
vent extra steps, (ix) using a catalyst instead of inefficient 
stoichiometric reactions, (x) design that produces harmless 
breakdown products, (xi) life cycle analysis with the pur-
pose of preventing and reducing environmental pollution, 
and (xii) more efficient producing, storing, and transporting 
processes (DeVierno Kreuder et al. 2017, Thipe et al. 2022).

Recognizing the prevalent use of hazardous and eco-
logically detrimental compounds in many synthetic nano-
particle production processes is paramount. Conventional 
methods for synthesizing metallic nanoparticles involve 
risky chemical-reducing agents like hydrazine, sodium cit-
rate, and sodium borohydride (Sengani et al. 2017; Mat Isa 
et al. 2022). Similarly, specific abrasive physical techniques, 
such as pyrolysis and attrition, employed for synthesiz-
ing various nanomaterials yield immediate and long-term 
environmental repercussions (Soares and Soares 2021). In 
comparison to chemical and physical approaches, green syn-
thesis offers numerous advantages. It is characterized by its 
benign nature (Devi et al. 2019), environmentally friendly, 
cost-effectiveness (Kataria and Garg 2018), pollution-free 
(Alsammarraie et al. 2018), and more sustainable (Nas-
rollahzadeh and Sajadi 2016b). Furthermore, the realm of 
green nanotechnology demonstrates its potential in diverse 
applications, including air purification (Cao et al. 2021), site 
remediation (Kumar 2021), waste and byproduct reduction 
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(Dhingra et al. 2010), and wastewater treatment (Cao et al. 
2021). Consequently, there exists a critical need to devise 
nanoparticle production methodologies that minimize or 
eliminate the usage of hazardous chemicals, while concur-
rently implementing engineering solutions to mitigate or 
entirely eradicate the presence of imperceptible and perilous 
nanoparticulate contaminants within the overall production 
process.

Limitations

The utilization of green technology for synthesizing nano-
particles offers significant advantages characterized by 
cost-effectiveness and ease of application (Hano and Abbasi 
2022). This production process avoids the use of harmful 
chemicals and solvents, enabling the precise fabrication of 
consistent nanoparticle sizes and shapes, and consequently 
reducing waste generation (Harish et al. 2023). Moreover, 
it operates at lower pressure and temperature conditions 
compared to traditional methodologies, thereby reducing 
the likelihood of unexpected incidents (Dikshit et al. 2021). 
Additionally, it facilitates the utilization of readily available 
sustainable raw materials for large-scale production (Soltys 
et al. 2021). Nevertheless, green synthesis is not without 
its shortcomings. Foremost among these is the considera-
tion of human health risks associated with nanotechnology. 

Currently, research on the environmental toxicity and accu-
mulation of nanoparticles is quite limited, and the small size 
of these particles may facilitate their entry into the human 
body, potentially leading to respiratory issues and severe 
illnesses (Pietroiusti et al. 2018). Furthermore, the appli-
cation of green synthesis in industry remains relatively 
limited, posing challenges in controlling particle size and 
shape, as well as issues related to storage stability (Dikshit 
et al. 2021). A comprehensive toxicological assessment and 
genetic modifications are required to enhance the synthe-
sis and application efficiency. Specific issues, such as the 
lack of universally applicable plants for biogenic synthesis 
and seasonal factors, also serve as constraints hindering the 
widespread application of green technology. These limita-
tions are comprehensively evaluated, as shown in Fig. 5.

Availability of raw material

Numerous plant components are available for the eco-
friendly synthesis of nanoparticles, and many researchers 
have extensively explored utilizing locally accessible plant 
resources. These investigations present an opportunity for 
harnessing the potential of indigenous flora. Nevertheless, 
the global-scale production of environmentally synthesized 
nanoscale metals poses significant challenges. One chal-
lenge is the lack of a universal plant to synthesize green 

Fig. 5  Potential limitations and challenges in the technology of green 
synthesis of nanoparticles. The synthesis of nanoscale metals through 
green methods faces challenges such as high energy consumption, 
lengthy reaction times, and reliance on specific plant extracts. Varia-
bility in particle sizes and forms further complicates the process, lim-
iting precise control. The lack of understanding regarding biosynthe-

sis mechanisms and the inability to address complex environmental 
pollutants with consistent efficiency pose significant hurdles. Storage 
stability and reusability of green-synthesized nanoparticles need care-
ful consideration. Lastly, comprehensive toxicological assessments 
and optimization of genetically modified microorganisms are essen-
tial for expanding nanoparticle applications
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nanomaterials. For instance, palladium nanoparticles were 
synthesized using Lithodora hispidula Griseb. leaf, a plant 
species exclusively found in regions such as Cyrenaica, 
Cyprus, the southern Aegean Sea, and southern Turkey 
(Turunc et  al. 2017). Sapium sebiferum and Euphorbia 
plants, two additional botanical components essential for 
palladium nanoparticle synthesis, are predominantly located 
in subtropical zones (Tahir et al. 2016; Turunc et al. 2017). 
In the case of silver nanoparticles, coconut, widespread in 
the Philippines, India, Malaysia, Sri Lanka, and southern 
China (Roopan et al. 2013), and Acacia, mainly distributed 
in Arabia, Africa, and mainland China (Ying et al. 2022), 
have been utilized.

Efforts have also been made to capitalize on native plants 
for the green production of other nanoparticles like copper 
nanoparticles, nanoscale zerovalent iron, iron oxide nano-
particles, and gold nanoparticles. Although peppermint 
originates from central and western Europe, fenugreek, 
employed in gold nanoparticle synthesis, is extensively dis-
persed across China and the eastern Mediterranean (Aro-
mal and Philip 2012; Ying et al. 2022). Notably, there are 
regions in China where both Galaxaura elongata and A. 
calamus coexist, with A. calamus growing at an elevation 
of 2600 m along shorelines (Abdel-Raouf et al. 2017; Gane-
san and Prabu 2019). In producing nanometer zerovalent 
iron, a unique form of Chinese tea known as Oolong tea 
is used (Huang et al. 2014b). While nanoscale zerovalent 
iron is primarily produced in Fujian Province, key produc-
tion centers for nanosized iron oxide are Taiwan and Hainan 
(Balamurughan et al. 2014). Iron oxide nanoparticles can 
also be synthesized using alternative substances like pso-
ralen, mainly sourced from India, Myanmar, and Sri Lanka 
(Nagajyothi et al. 2017b). Furthermore, Andean blackberry 
Rubus glucus Benth, abundant in Ecuador, Colombia, and 
the Andean region of central and South America, has suc-
cessfully synthesized copper nanoparticles (Kumar et al. 
2017). Given these considerations, it becomes imperative 
to assess the feasibility of utilizing local plant resources for 
large-scale production of nanoscale metals when making 
choices regarding synthetic materials.

Time constraints also limit the utilization of raw materi-
als in practical production processes. As noted by Sana and 
Dogiparthi (2018), the constituents essential for crafting sil-
ver nanoparticles necessitate extraction from cotton leaves 
during the flowering season or from Sargassum fusiforme, 
whose growth cycle varies significantly depending on the 
geographical location (Ghaemi and Gholamipoor 2017). 
Similarly, Arabica coffee is employed in this context, yet 
the Arabica tree requires approximately seven years to reach 
full maturity and is typically cultivated at altitudes around 
1500 m (Dhand et al. 2016). Peach blossoms necessitate 
meticulous harvesting during the flowering season, reducing 

availability. Trigonella trifoliata seeds, crucial for gold nan-
oparticle synthesis, are only obtainable during the fruiting 
season of the plant, spanning from July to September.

Moreover, the blooming and fruit-bearing period of White 
willow is limited to April and May, imposing a narrower 
timeframe for leaf collection. Pelargonium and Cymodocea 
serrulate share similar constraints (Jafarizad et al. 2015; 
Swain et al. 2016). Moreover, not all raw materials are 
suitable for environmentally friendly nanoscale metal syn-
thesis due to the requirement for additional processing of 
certain secondary products, which elevates complexity and 
increases technology implementation costs. Therefore, it is 
imperative to determine the practicality, economic feasibil-
ity, and cost-effectiveness of these materials. Wang et al. 
(2017) directly integrated pure tea polyphenols for nanoscale 
zerovalent iron synthesis, but the extraction and purifica-
tion processes proved economically impractical. Carboxy-
methyl cellulose presents a similar scenario, being used for 
palladium nanoparticle synthesis (Li et al. 2017). Although 
cellulose is an ecologically favorable raw material, carboxy-
methyl cellulose necessitates carboxymethylation, involving 
material sourced from other natural plants, such as Sago 
pulp. While sodium monochloroacetate, sodium hydroxide, 
and other reagents aid the process, their compatibility with 
green synthesis may be a concern (Ying et al. 2022).

Synthesis process

The main challenges in the synthesis process involve high 
energy consumption, long reaction times, and the use of 
additional chemical reagents. For example, Nasiri et al. 
(2018) used Ferula persica extracts at 600 °C for three 
hours to create silver nanoparticles, while Caroling et al. 
(2015) employed Guava fruit extract at 800 °C for copper 
nanoparticles. Copper oxide nanoparticles can be made 
more efficiently in two hours through ultrasonic stirring at 
80 °C (Muthuvel et al. 2020). Consequently, specific green 
synthesis methods involve high temperatures and lengthy 
processes, consuming significant energy and potentially 
harming the environment. These procedures might not fully 
qualify as green synthesis despite using environmentally 
friendly materials. González-Ballesteros et al. (2017) syn-
thesized gold nanoparticles at 24 °C using the brown alga 
Cystoseira baccata, which also required substantial energy. 
Certain plant extracts must also be stored at low tempera-
tures, requiring further energy consumption. For instance, 
Azadirachta indica leaf extract should be stored at 4 °C 
(Ahmed et al. 2016), and dried grass extract should be kept 
below 4 °C (Khatami et al. 2018). This entails the use of 
energy-intensive equipment like freezers in these cold con-
ditions. Producing nanoscale metals at room temperature is 
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advisable to address this energy consumption and streamline 
the synthesis process.

Reaction time is crucial in manufacturing efficiency 
and cost, with a preference for quicker reactions. However, 
several studies have shown that longer reaction times are 
sometimes necessary. For example, a combination of mint 
leaf extract and iron nitrate must be placed in a rotary track 
shaker for 72 h at 30 °C and 200 rpm in the dark. Further-
more, in synthesizing iron chloride solution involving algae, 
agitation in an orbital shaker for 48 h at 24 °C in complete 
darkness is essential (Subramaniyam et al. 2015).

Similarly, the process of creating iron nanoparticles from 
a mixture of black tea and iron sulfate takes a full day, fol-
lowed by 24 h of drying at 250 °C in an oven (Ali et al. 
2016). On the other hand, producing copper oxide nanopar-
ticles from coffee powder extract requires microwave radia-
tion, involving three hours of boiling and four to five hours 
of drying in a hot air oven (Ahmed et al. 2016). In contrast, 
the sol–gel method for synthesizing nanoscale metal oxides 
is much simpler, necessitating continuous heating at 60 °C 
for an hour, followed by 30 min of stirring and centrifuga-
tion (Perveen et al. 2020). Additionally, resorting to lengthy 
extraction procedures is not ideal. For instance, extracting 
oil from mango peel involves a 12-h boiling process (Yir-
saw et al. 2016). Cherry, mulberry, and oak leaf extracts 
must be pre-dried in an oven for 48 h at 50 °C, according to 
Poguberović et al. (2016).

Similarly, Sargassum acinarium and Padina pavonica 
must be washed with distilled water and freeze-dried at 20 
°C for three days to obtain algal extract (El-Kassas et al. 
2016). It is important to note that metal nanoparticles are 
susceptible to oxidation in the air. Even chemically inert 
metals can oxidize under mild conditions due to the impact 
of surface coordination, which is significantly influenced 
by the high surface-to-volume ratio and the disruption of 
three-dimensional symmetry (Ngom et al. 2016; Ismail et al. 
2017). To mitigate this, some studies propose conducting 
synthesis under inert conditions to prevent oxidation. For 
example, Nasrollahzadeh and Sajadi (2016b) used Euphor-
bia granulate leaf extract in the centrifugal separation of 
palladium nanoparticles under an inert argon atmosphere. 
In another case, nitrogen was used to synthesize nanoscale 
zerovalent iron (Leili et al. 2018). However, this approach 
adds complexity and expense to the synthesis procedure.

Describing the synthesis process accurately through 
chemical reactions is a major obstacle in achieving green 
biosynthesis. Another significant limitation is the lack of 
comprehensive understanding regarding the biosynthesis 
mechanism. For instance, Fuku et al. (2016) observed that 
Punica granatum L. peel extract can be an end-capping 
agent for copper/copper oxide/zinc oxide nanostructures 
synthesis. Similarly, Sageretia thea has been identified as a 
chelating agent for iron oxide nanoparticle synthesis (Singh 

et al. 2015), and an extract of Zingiber officinale root has 
been used as a reducing and capping agent for the synthesis 
of silver nanoparticles (Kora and Rastogi 2016). Essentially, 
while the role of green extracts in synthesis can be estab-
lished, the precise details of the reaction processes remain 
challenging to comprehend. To compare green and non-
green syntheses, life cycle assessments have been conducted. 
Clearly, non-green synthesis methods demand substantial 
energy, with a significant portion attributed to electric-
ity consumption. Furthermore, these methods exert more 
pressure on the environment, particularly regarding energy 
resources and greenhouse gas emissions (Bobba et al. 2016; 
Zhang et al. 2017).

Nanoparticles quality

The size and shape of nanoparticles generated by different 
extracts exhibit significant variability. Recent reports indi-
cate a wide range of particle sizes, making it challenging 
to control size uniformity in production, rendering green 
technology less suitable for large-scale manufacturing. For 
instance, silver nanoparticles synthesized from Nigella 
arvensis leaves exhibited sizes ranging from 5 to 100 nm 
(Chahardoli et al. 2018), while nanoscale zerovalent iron 
nanoparticles produced from grape seeds displayed a size 
range of 63–381 nm (Gao et al. 2016). Scanning electron 
microscopy analysis revealed varying particle diameters for 
gold nanoparticles synthesized from Pistacia integerrim-
agall, aqueous Elaise guineensis, and Galaxaura elongata 
varied substantially, spanning 20–200 nm, 13–97 nm, and 
2–100 nm, respectively (Ahmed et al. 2016; Abdel-Raouf 
et al. 2017; Islam et al. 2019). Similar challenges extend to 
other substances like green tea (Mystrioti et al. 2016), citron 
juice (Shende et al. 2015), Cassia alata flower (Sutradhar 
et al. 2014), and Rosa canina fruit (Veisi et al. 2016).

Moreover, some materials present structural imperfec-
tions. Leili et al. (2018) observed irregular cluster forma-
tion in nanoscale zerovalent iron synthesized from nettle and 
thyme leaf extracts, and KumaráBorah et al. (2015) noted 
irregular morphologies in palladium nanoparticles made 
from Colocasia esculenta leaf extract. Copper oxide nano-
particles derived from black soya beans exhibited spherical 
and hexagonal forms and diverse shapes (Nagajyothi et al. 
2017b). Nanoscale zerovalent iron produced from blueber-
ries showed high heterogeneity (Manquián-Cerda et  al. 
2017); however, non-crystalline nanoscale zerovalent iron 
was produced using Urtica dioica leaf extract or Eichhornia 
crassipes aqueous extract (Ebrahiminezhad et al. 2017; Wei 
et al. 2017). Conversely, smaller palladium nanoparticles 
from Camellia sinensis extract tended to aggregate into non-
spherical shapes (Lebaschi et al. 2017). These variations 
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limit the practical utility of the end product, restrict its appli-
cability, and pose challenges for mass production.

Additionally, nanoparticles synthesized from green 
resources exhibit poor yield and conversion rates. For 
example, using extracts of Menthaspicata (spearmint, SM), 
Syzygium aromaticum (clove), and Camellia sinensis (green 
tea), minimal iron reduction was observed under all condi-
tions tested, with less than 50% of iron converted into nano-
particles (Wang et al. 2014a). Similarly, Eucalyptus tereti-
cornis, Melaleuca nesophila, and Rosemarinus officinalis 
leaf extract yielded iron-palladium nanoparticles with iron 
concentrations of 0.2%, 8.6%, and 0.5%, respectively (Arsiya 
et al. 2017). In contrast, physical methods for nanoparticle 
synthesis can produce highly pure materials with consist-
ent particle sizes (Xu et al. 2020). This phenomenon stems 
from the low utilization and conversion rates of metal ions, 
resulting in a limited number of nanoparticles produced 
from a high metal ion concentration, which hinders eco-
nomic feasibility.

Application constraints

Metal nanoparticles possess significant potential for con-
taminant removal due to their extensive surface area, strong 
adsorption capabilities, and high reducibility. However, not 
all metal nanoparticles produced through green synthesis 
effectively address environmental pollutants. For instance, 
nanoscale zerovalent iron created from Spinacia oleracea, as 
studied by Turakhia et al. (2018), exhibited removal efficien-
cies of only 73.8% for chemical oxygen demand and 60.3% 
for biochemical oxygen demand after 15 days. In another 
study, nanoscale zerovalent iron derived from mandarin, 
lemon, lime, and orange showed degradation efficiencies 
ranging from 12 to 37% when applied to chromium reduc-
tion (Machado et al. 2014). Similarly, nanoscale zerovalent 
iron produced from Eucalyptus leaf extract could remove 
30.4% of total phosphorus from wastewater (Wang et al. 
2014b). These insufficient removal rates raise concerns due 
to the ineffective utilization or wastage of iron.

Green-synthesized nanoscale metals also struggle to 
remove hazardous metal mixtures. Weng et  al. (2016) 
employed iron nanoparticles from Eucalyptus leaf extract 
to eliminate mixed copper and chromium, resulting in 33.0% 
and 58.9% efficiencies, respectively. In contrast, when cop-
per and chromium were treated separately, removal effi-
ciencies improved to 45.2% and 74.2%, respectively. Fur-
thermore, the combined presence of metal ions leads to 
decreased removal effectiveness. Since real-world waste-
water typically contains combinations of heavy metals and 
contaminants, enhancing efficiency is crucial for using envi-
ronmentally friendly synthesized nanoscale materials in such 
scenarios. The application of nanoscale materials produced 
through green synthesis in vitro cells remains relatively 

unexplored. Research by Nagajyothi et al. (2017b) revealed 
that copper oxide nanoparticles synthesized from black soya 
beans damaged the mitochondrial membrane of Hela cells. 
In a separate study utilizing the sulforhodamine assay, iron 
oxide nanoparticles produced from Psoralea corylifolia 
seeds aqueous extract exhibited dose-dependent suppres-
sion of human breast cancer cells. These nanoparticles also 
displayed the ability to inhibit renal tumor cell growth at low 
concentrations (Nagajyothi et al. 2017a). However, the out-
comes of utilizing green nanoparticles in vivo remain uncer-
tain as these experiments have primarily been conducted 
in vitro. Hence, further research is required to ascertain their 
impact on other cells within a living organism.

Anticipated areas of future research

Ideal raw materials

The year-round availability of plants and the geographical 
limitations pose significant drawbacks. A viable alterna-
tive material could be evergreen plants, such as Filicium 
decipiens, which could overcome limitations imposed by 
seasonal time constraints. Filicium decipiens is known for 
its unhindered growth regardless of soil conditions and is 
commonly used as a shade tree (Sharmila et al. 2017). Other 
plants, including Murraya koenigii, Stachys lavandulifolia, 
and Mediterranean cypress (Cupressus sempervirens), have 
also been harnessed for creating iron oxide nanoparticles 
(Mohanraj et al. 2014; Ebrahiminezhad et al. 2018; Shahri-
ary et al. 2018). These plant resources, characterized by their 
consistent availability and absence of seasonal or temporal 
restrictions, hold considerable promise for practical green 
synthesis. Additionally, Urtica dioica, commonly known as 
stinging nettle or common nettle, is extensively cultivated in 
North Africa, Asia, America, and Europe and is frequently 
used for iron nanoparticle synthesis. Eucalyptus and grape 
leaves are similarly employed for copper nanoparticle syn-
thesis (Edison et al. 2016; Rostami-Vartooni et al. 2016). 
Malva sylvestris, accessible across Europe, Asia, and Amer-
ica, is another readily available source for producing copper 
oxide nanoparticles (Kuppusamy et al. 2016).

Moreover, agricultural waste aligned with waste uti-
lization for environmental preservation can be a suitable 
material. For instance, the water hyacinth, Eichhornia cras-
sipes, an invasive weed species causing ecological concerns 
due to its rapid growth and fertility, can be harnessed for 
iron nanoparticle creation, thus reducing its environmen-
tal impact. Grape seeds, a common byproduct of the wine 
industry, have been employed for green synthesis (Gao et al. 
2016). Furthermore, peels from mandarin, orange, lime, and 
lemon trees, along with pistachio shells, have been utilized 
to synthesize nanoscale zerovalent iron, providing a means 
of resource recycling with tangible benefits (Machado et al. 
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2014; Soliemanzadeh et al. 2016). Citron juice extraction is 
comparatively easier than obtaining plant extracts (Shende 
et al. 2015). Therefore, ensuring the practicality and sim-
plicity of the material extraction process should be a crucial 
consideration for future research, aiming to facilitate the 
extraction process as much as possible. In essence, future 
research should primarily focus on materials that do not face 
constraints based on seasonal and geographical availability 
(Ebrahiminezhad et al. 2017). Researchers should prior-
itize materials that can be readily collected within specific 
seasons and regions while also considering the ease of the 
extraction procedure.

Reduce energy consumption

Researchers should explore alternative methods that elimi-
nate the need for heating to address excessive energy 
consumption in certain synthesis processes. Promising 
advancements in energy-saving approaches demonstrate 
the feasibility of this goal. For instance, the synthesis of 
iron nanoparticles can be achieved without resorting to haz-
ardous chemical reagents, high reaction energy, or elevated 
temperatures by harnessing leaf extracts from sources like 
Hippophae rhamnoides, Gardenia, and Henna (Naseem and 
Farrukh 2015; Nasrollahzadeh and Sajadi 2015). Several 
extraction techniques that demand minimal energy input 
are currently in use. These include reaction temperatures 
below 100 °C for producing silver nanoparticles from grape 
seed extract (Ping et al. 2018) or at 22 and 25 °C for gen-
erating gold nanoparticles from Genipa americana fruit 
extract (Kumar et al. 2016). In a similar vein, the synthesis 
of iron nanoparticles using nettle and thyme leaf extracts 
required only 80 °C (Leili et al. 2018). Methods charac-
terized by comparably low energy requirements should be 
prioritized over procedures necessitating more than 600 °C 
temperatures.

Product optimization

Future studies should prioritize the synthesis of consist-
ently small nanoparticles with a substantial surface area. 
Gloriosa superba L. extract, for instance, has shown promise 
in generating copper oxide nanoparticles with homogenous 
sizes ranging from 5 to 10 nm (Naika et al. 2015). Mint 
(Mentha spicata L.) leaf extract has demonstrated the ability 
to produce uniformly dispersed nanoscale zerovalent iron 
particles without aggregation. In contrast, Cupressus sem-
pervirens leaf extract yielded particles approximately 1.5 
nm in diameter (Ebrahiminezhad et al. 2018). Certain green 
materials, such as Sapindus mukorossi leaf extract, Gum oli-
banum, Filicium decipiens leaves, Hippophae rhamnoides 
Linn leaves, or carboxymethyl cellulose, have been success-
ful in generating palladium nanoparticles with tiny particle 

sizes, ranging from 1.5 to 5.0 nm (Kora and Rastogi 2016; 
Li et al. 2017; Nagajyothi et al. 2017a; Sharmila et al. 2017; 
Devi et al. 2019). Ensuring nanoparticle stability is another 
critical aspect of their quality. Palladium nanoparticles syn-
thesized with carboxymethyl cellulose remained stable for 
nearly a year (Li et al. 2017). In contrast, Nasrollahzadeh 
and Sajadi (2016b) found that palladium nanoparticles pro-
duced with leaf extract from Euphorbia granulata remained 
stable even after one week. Employing polyethylene glycol 
6000 as a capping agent has proven effective in stabilizing 
metal colloids, and preventing agglomeration or sedimenta-
tion even after 15 days of storage (Caroling et al. 2015). 
Notably, freeze-dried nanoscale zerovalent iron created 
using grape seed extract maintained its activity under ambi-
ent conditions, making it suitable for practical applications 
(Gao et al. 2016).

The reusability of green materials is a crucial consid-
eration. A notable advantage of black tea for palladium 
nanoparticle synthesis is that the tea can be easily extracted 
from the reaction mixture, recycled, and employed for an 
additional five runs without significant activity loss. Simi-
larly, green-synthesized nanoparticles exhibit the potential 
for recycling. For instance, palladium nanoparticles created 
using Euphorbia granulata leaf extract demonstrated cata-
lytic activity in four successive cycles (Nasrollahzadeh and 
Sajadi 2016b). Moreover, Rosa canina fruit extract could 
generate palladium nanoparticles employed for seven cycles 
without substantial activity loss (Veisi et al. 2016). Even 
after five cycles of use, copper nanoparticles supported on 
bentonite and derived from Thymus vulgaris L. leaf extract 
maintained efficient catalytic reduction of Congo red or 
methylene blue (Issaabadi et al. 2017).

Similarly, copper nanoparticles generated from Ginkgo 
biloba L. leaf extract displayed reusability for at least four 
cycles (Nasrollahzadeh and Sajadi 2015). Furthermore, 
functionalized iron nanoparticles synthesized using black 
tea were successfully regenerated seven times, retaining 
80–88% removal capabilities for ametrine from water (Ali 
et al. 2016). Additionally, the catalytic activity for producing 
2-aryl benzimidazoles remained relatively unaffected when 
Passiflora tripartita var. mollissima fruit extract-derived 
iron oxide nanoparticles were recycled four times, aided by 
easy separation through magnetization (Kumar et al. 2014). 
In summary, exploring and optimizing the reusability of 
green-synthesized nanoparticles can significantly contribute 
to their practical applicability and sustainability in various 
catalytic and environmental remediation processes.

Storage of the products

Careful consideration must be given to the storage of 
nanoscale metals. The cost associated with preserving and 
storing nanoscale metals could significantly decrease if they 
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could be stored under ambient conditions. The stability of 
nanoscale metals during storage plays a crucial role in their 
cost-effectiveness. Notably, the stability of silver nanoparti-
cles produced from A. calamus rhizome was observed for 24 
h (Tahir et al. 2016); in contrast, silver nanoparticles derived 
from Carissa carandas fruits displayed their peak absorption 
for only the initial 4 h using ultraviolet–visible absorption 
spectroscopy, indicating compromised stability beyond that 
time frame (Anupama and Madhumitha 2017). In a similar 
vein, copper nanoparticles synthesized from Thymus vul-
garis L. leaf extract and supported on bentonite were found 
to be stable for 20 days in an inert environment, as reported 
by Taghavi Fardood and Ramazani (2016). Copper nano-
particles produced using aqueous Guava extract remained 
stable at room temperature for 15 days, thanks to the use of 
polyethylene glycol 6000 as a stabilizing capping agent to 
prevent rapid oxidation (Caroling et al. 2015). The stabil-
ity of the products can be influenced by various synthetic 
materials and techniques, prompting researchers to carefully 
select suitable materials and processing methods to ensure 
the synthesis of stable compounds. Moreover, treatments can 
be employed to enhance the stability of the product under 
ambient conditions. For instance, common nanoscale zerov-
alent iron is prone to oxidation and aggregation. Still, freeze-
dried nanoscale zerovalent iron has been shown to retain 
its activity when stored in ambient air (Dhand et al. 2016).

Nevertheless, a comprehensive toxicological assess-
ment of the impact of these nanoparticles on plants and 
animals is imperative to broaden their application across 
various fields. Furthermore, genetically modified micro-
organisms, beyond wild-type strains, could play a pivotal 
role in enhancing biosynthesis and stabilizing nanoparticles. 
These engineered microorganisms have the potential to pro-
duce higher levels of proteins, enzymes, and biomolecules, 
thereby contributing to improved nanoparticle synthesis. 
Additionally, enhancing the metal tolerance of genetically 
modified microbes offers a promising avenue for advancing 
the production and utilization of metal nanoparticles derived 
from green synthesis.

Conclusion

The green synthesis of nanoparticles has garnered increasing 
attention as a non-toxic, environmentally friendly, and cost-
effective method. This revolutionary approach yields com-
posite nanoparticles that amalgamate the strengths of diverse 
metals while minimizing chemical reagents and showcases 
the potential of microorganisms and plants in driving syn-
thesis. These natural compounds, acting as capping and 
reducing agents, have unveiled applications ranging from 
medicine to environmental remediation, creating a trans-
formative impact. Enhancing the sustainable development 

and utilization of green synthetic particles is paramount. 
As we strive for sustainable development and expanded 
applications of green synthetic particles, a thorough assess-
ment ranging from biomedical applications to agriculture, 
environmental remediation, and food quality enhancement 
underscores the transformative influence of these particles in 
diverse domains. This review has illuminated a path toward a 
more sustainable and resilient future, showcasing the pivotal 
role of green-synthesized nanoparticles. Nonetheless, chal-
lenges persist, including the need to precisely control par-
ticle characteristics, unravel biosynthesis mechanisms, and 
ensure consistent pollutant removal efficiency. The diver-
sity in particle sizes and forms and concerns about storage 
stability underscore the necessity of perfecting synthesis 
techniques. A holistic assessment of toxicity and optimiz-
ing genetically modified microorganisms are crucial steps 
to fully harness the potential of green-synthesized nano-
particles. To unlock the full potential of green-synthesized 
nanoparticles, a comprehensive toxicological evaluation 
and the optimization of genetically modified microorgan-
isms warrant exploration. Despite these hurdles, the path 
toward sustainable and efficient nanoscale metal synthesis 
is an enticing route for future scientific inquiry and innova-
tion across disciplines. As we traverse this path, the promise 
of greener, more responsible nanoparticle synthesis shines 
brighter than ever.
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