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Abstract 

	 The overreliance on conventional chemical fertilizers to meet global food demand has resulted 
in severe environmental consequences, including nutrient leaching, greenhouse gas emissions, soil 
degradation, and eutrophication of aquatic ecosystems. In response, nanotechnology has emerged 
as a transformative tool for agriculture, enabling the design of nano fertilizers with enhanced nutrient 
use efficiency. However, the chemical synthesis of nanoparticles often involves toxic reagents and high 
energy inputs, undermining sustainability goals. This has catalyzed a shift toward green synthesis—
an eco friendly approach that harnesses plants, microorganisms (bacteria, fungi, microalgae), and 
macroalgae to produce nanoparticles via reduction and stabilization by natural phytochemicals, 
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enzymes, and polysaccharides. Green synthesized nano fertilizers encompass macronutrient (N, 
P, K), micronutrient (Zn, Fe, Cu, Mn), organic composite, controlled release, and nano enhanced 
biofertilizer formulations. Their application profoundly improves soil physicochemical properties: 
they buffer soil pH, stabilize electrical conductivity, increase soil organic carbon (5–15%), enhance 
aggregate stability and porosity, raise water holding capacity (20–40% with nano biochar), boost 
cation exchange capacity (10–25 cmol/kg), and dramatically reduce nutrient leaching (N loss <15% 
vs. 30–50% for conventional fertilizers). Biologically, green nano fertilizers stimulate key soil enzymes 
(urease, sucrase, dehydrogenase, phosphatase) and promote beneficial microbial communities, 
including plant growth promoting rhizobacteria and arbuscular mycorrhizal fungi, while suppressing 
pathogens through slow release antimicrobial effects. Mechanistically, their nanoscale size (10–100 
nm) enables direct root penetration via apoplastic and symplastic pathways; controlled release via 
biodegradable carriers (chitosan, alginate, nano zeolites) responds to rhizosphere pH, enzymes, or 
redox signals, achieving zero order or sigmoidal release kinetics over 30–60 days. Consequently, 
nutrient use efficiency for nitrogen rises from 30–40% to >70–80%, and for phosphorus from 10–20% 
to 40–60%, allowing 30–50% reduction in fertilizer inputs with 15–40% yield increases. Green nano 
fertilizers thus represent a cornerstone of sustainable agriculture, regenerating soil health while 
reducing environmental pollution and fossil fuel dependence.

Keywords: Green synthesis; Nano fertilizers; Soil physicochemical properties; Controlled release; 
Nutrient use efficiency; Phytosynthesis; Microbial synthesis; Phycosynthesis; Soil enzymes; 

Microbial communities; Sustainable agriculture.

Introduction

	 The relentless pursuit of increased 
agricultural productivity to feed a growing global 
population has historically been achieved through 
the widespread adoption of conventional chemical 
fer tilizers. These synthetic inputs, primarily 
supplying nitrogen (N), phosphorus (P), and 
potassium (K), have indeed been instrumental in 
averting widespread famine and boosting crop 
yields throughout the 20th century. However, this 
“Green Revolution” paradigm has cast a long 
environmental shadow. The fundamental inefficiency 
of conventional fertilizers is a primary driver of 
ecological degradation. A significant portion of 
applied synthetic nitrogen, for instance, is not taken 
up by crops but is lost to the environment through 
volatilization as ammonia or nitrous oxide—a 
potent greenhouse gas 300 times more effective 
at trapping heat than carbon dioxide—or through 
leaching as water-soluble nitrate. This nitrate runoff 
contaminates groundwater, posing serious health 
risks such as methemoglobinemia (“blue baby 
syndrome”) in infants, and fuels eutrophication in 
aquatic ecosystems. Similarly, phosphorus, often 
derived from finite and geopolitically concentrated 
phosphate rock, accumulates in soils and is carried 
by erosion and runoff into water bodies. There, it 
acts as a primary nutrient for algal blooms, leading 
to hypoxic “dead zones” where aquatic life cannot 
survive, such as the massive zone in the Gulf of 
Mexico. Beyond water pollution, the manufacturing 

of nitrogen fertilizers via the energy-intensive Haber-
Bosch process consumes approximately 1-2% of 
the world’s annual energy supply and releases vast 
quantities of carbon dioxide. The chronic overuse 
and inefficiency of these conventional products have 
thus created a vicious cycle: diminishing returns 
for farmers, degraded soil health, polluted water 
resources, and a significant contribution to climate 
change, compelling a search for smarter, more 
sustainable nutrient delivery systems.

	 In response to these profound challenges, 
the emergence of nanotechnology in agriculture has 
ignited a paradigm shift, offering tools to redesign 
fertilizer systems at the atomic and molecular 
level. Nanotechnology involves the manipulation of 
matter with at least one dimension sized from 1 to 
100 nanometers, a scale at which materials exhibit 
unique physicochemical properties distinct from 
their bulk counterparts. In the context of fertilization, 
this has led to the development of nanofertilizers: 
nutrients encapsulated within nanomaterials, coated 
by thin polymer films, or delivered as nanoscale 
particles themselves (e.g., nano-hydroxyapatite for 
phosphorus). The transformative potential lies in their 
unprecedented efficiency. The high surface-area-
to-volume ratio of nanoparticles allows for greater 
interaction with plant surfaces and soil colloids. 
More critically, nanofertilizers can be designed for 
controlled, targeted, or slow release, synchronizing 
nutrient availability with crop demand. For example, 
nutrients can be encapsulated in a biodegradable 
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polymeric nanoshell that degrades in response to 
specific environmental triggers like pH changes in 
the rhizosphere or microbial enzymes. 

	 This concern has catalyzed a shift 
towards green synthesis as an eco-friendly 
alternative to conventional chemical and physical 
methods of nanomaterial production. Traditional 
nanoparticle synthesis often involves harsh reducing 
agents like sodium borohydride or hydrazine, toxic 
capping agents, and high-energy, high-temperature 
conditions, generating hazardous byproducts that 
ironically contradict the environmental goals of 
sustainable agriculture. Green synthesis, also known 
as biogenic or bio-inspired synthesis, fundamentally 
re-engineers this process by leveraging the inherent 
biochemical machinery of living organisms. It 
operates on the principles of green chemistry: 
preventing waste, using safer solvents and 
auxiliaries, designing for energy efficiency, and 
using renewable feedstocks. The core mechanism 
involves the reduction of a metal salt precursor 
(e.g., silver nitrate or zinc acetate) using biological 
extracts, followed by the spontaneous nucleation 
and growth into stable nanoparticles, often with the 
biomolecules themselves acting as natural capping 
and stabilizing agents. 

	 This one-pot, low-energy process operates 
at ambient temperature and pressure, typically using 
water as a solvent. Consequently, it completely 

eliminates the need for toxic reagents, drastically 
reduces energy consumption by avoiding high-
temperature furnaces or high-pressure reactors, 
and produces minimal, non-hazardous waste. The 
result is a production pathway that is intrinsically 
safer for researchers and the environment alike, 
producing nanomaterials that are already adorned 
with a corona of natural biomolecules which may 
confer additional benefits, such as enhanced 
biocompatibility and bioactivity, when applied to 
plants or soil microbes.

	 The palette of biological resources 
available for this green synthesis is remarkably 

Fig. 1: Strategies for Plant Biofortification

Fig. 2: Green Synthesis Routes – Plant, Microbial, and AlgaeMediated Pathways
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diverse and abundant, encompassing plants, 
microorganisms, and algae, each offering a unique 
and efficient route to nanoparticle production. 
Plant-mediated synthesis, or phytosynthesis, is 
perhaps the most popular method, utilizing extracts 
from virtually any part of a plant—leaves (e.g., 
neem, eucalyptus, tea), fruits (e.g., amla, citrus 
peels), roots, seeds, or even agricultural waste. 
These extracts are rich in phytochemicals like 
flavonoids, terpenoids, phenolic acids, alkaloids, 
and sugars, which act as both reducing and 
capping agents. For instance, the highly active 
polyphenols in green tea or the alkaloids in neem 
leaves can rapidly reduce gold or silver ions to stable 
nanoparticles. Simultaneously, microbial synthesis 
employs bacteria, fungi, or yeasts, harnessing their 
intrinsic metal-resistance mechanisms. Bacteria 
like  Pseudomonas  or  Bacillus  can reduce metal 
ions either intracellularly or extracellularly through 
enzymes (e.g., nitrate reductase) or secreted 
metabolites, often producing nanoparticles with 
precise shapes and sizes. Fungi are particularly 
promising due to their high metal tolerance, large 
surface area for interaction, and secretion of 
substantial quantities of extracellular enzymes, 
making large-scale production more feasible. More 
recently, algal synthesis, or phycosynthesis, using 
macroalgae (seaweeds) and microalgae, has gained 
traction. Algae are rich in unique polysaccharides 
(e.g., alginates, carrageenan), proteins, and pigments 
like fucoxanthin and phycobiliproteins, which can 
efficiently reduce and stabilize nanoparticles. 
The use of algae offers the added advantage of 
cultivation on non-arable land using wastewater 
as a nutrient source, integrating circular economy 
principles into nanomaterial production. Collectively, 
these biological routes are not merely academic 
curiosities; they represent a decentralized, low-cost, 
and versatile toolkit for producing nanofertilizers 
tailored to specific crops and soil conditions. The 
adoption of green-synthesized nanofertilizers 
leads directly to a profound reduction in the use 
of hazardous chemicals and energy consumption 
across the entire agricultural input lifecycle. Compare 
the two pathways: the chemical synthesis of zinc 
oxide (ZnO) nanoparticles—a promising source 
of the essential micronutrient zinc—often requires 
a high-temperature calcination step or the use of 
strong bases like potassium hydroxide along with 
synthetic polymers as capping agents. In contrast, 
a green synthesis using, for example, Azadirachta 

indica (neem) leaf extract achieves the same product 
at room temperature, within minutes to hours, using 
water and renewable plant material. The hazardous 
chemical reduction is absolute—toxic reducing 
agents and stabilizing surfactants are simply not 
used. The energy savings are equally dramatic; by 
eliminating heating and high-pressure mixing, the 
carbon footprint of production can be reduced by 
over 90% compared to conventional methods. This 
lower-energy, less-toxic production model translates 
directly into a more sustainable and economically 
viable product for the farmer. Furthermore, the 
enhanced efficacy of these nanofertilizers means 
lower application rates. Where a farmer might need 
to apply 100 kg of conventional urea per hectare, a 
nano-encapsulated slow-release formulation might 
achieve the same or better results with only 30-40 
kg. This reduction in material transport, handling, 
and application further lowers the on-farm energy 
footprint (e.g., diesel for tractors) and reduces farmer 
exposure to dusty or caustic chemical fertilizers. 
The cascading benefits—from a cleaner production 
plant to a healthier, less polluted field—underscore 
the holistic advantage of this approach. Ultimately, 
the widespread adoption of green-synthesized 
nanofertilizers hinges on proving their economic 
viability and long-term sustainability, a challenge 
that is increasingly being met with promising results. 
The economic equation is multi-faceted. On the 
production side, green synthesis offers significant 
cost advantages: the biological precursors—leaf 
litter, seed waste, seaweed, or microbial cultures—
are often renewable, widely available, and can be 
classified as low-value feedstocks, especially when 
utilizing agricultural or food processing residues. The 
low-energy, low-pressure, and room-temperature 
conditions translate to lower capital expenditure 
for reactors and lower operational costs, making 
decentralized production feasible. On the farm, 
although the per-unit cost of a nanofertilizer might 
be higher than a bulk commodity chemical, the 
dramatically lower application rates (kilograms 
vs. hundreds of kilograms per hectare), reduced 
need for multiple applications due to slow-release 
properties, and improved yields through better plant 
health create a compelling value proposition. Studies 
across various crops (rice, wheat, maize, tomato) 
have shown that green nanofertilizers can enhance 
yield by 15-40% while cutting fertilizer input costs 
by 25-50%. For long-term sustainability, the benefits 
are even more profound. By reducing nutrient runoff, 
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these technologies alleviate the immense economic 
burden of eutrophication remediation—costing the 
US alone an estimated $2.2 billion annually. By 
improving soil health rather than degrading it with 
salt accumulation, they maintain the long-term 
productivity of farmland. And by reducing reliance 
on fossil-fuel-intensive Haber-Bosch nitrogen and 
mined phosphate, they enhance the resilience of 
the food system. Challenges remain, including the 
need for robust regulatory frameworks to ensure 
the safe and responsible use of nanomaterials in 
the environment, the standardization of synthesis 

protocols to ensure consistent product quality, 
and the development of low-cost characterization 
tools for quality control. However, the trajectory is 
clear. The convergence of environmental necessity, 
nanotechnological innovation, and the principles of 
green chemistry has positioned plant-mediated and 
microbe-synthesized nanofertilizers not as a niche 
academic pursuit, but as a cornerstone of a second, 
truly sustainable Green Revolution—one that 
nourishes humanity without depleting the planet’s 
life-support systems.

Fig. 3: Impact of Green NanoFertilizers on Soil Physicochemical Properties

Plant-Mediated Synthesis
	 The green synthesis of nanoparticles 
for agricultural applications, par ticularly for 
nanofertilizers, draws extensively on three major 
biological resource groups: plants, microorganisms, 
and algae, each operating through distinct yet 
complementary biochemical mechanisms that 
harness natural reduction and stabilization pathways. 
Beginning with plant-mediated synthesis, which 
is often termed phytosynthesis, the process 
relies fundamentally on the rich repertoire of 
phytochemicals inherently present in various plant 
tissues. These biomolecules—including flavonoids, 
terpenoids, phenolic acids, tannins, alkaloids, 
saponins, and reducing sugars—serve dual roles 
as both reducing and capping or stabilizing agents. 
When a metal salt precursor, such as zinc nitrate or 
copper sulfate, is introduced to an aqueous plant 

extract, these phytochemicals donate electrons 
to reduce the metal ions from a positive oxidation 
state to a neutral or zerovalent state. The newly 
formed atoms then nucleate and aggregate into 
nanoscale clusters. Simultaneously, the same or 
different phytochemicals adsorb onto the surface of 
these nascent nanoparticles, forming a protective 
organic corona that prevents further agglomeration 
and imparts colloidal stability. The specific reducing 
power and functional groups present—hydroxyl, 
carboxyl, carbonyl, and amine groups—determine 
not only the rate of reduction but also the final size, 
shape, and surface charge of the nanoparticles. 
A wide array of common plant species has been 
successfully exploited for this purpose, with the 
choice often dictated by local availability, cost, 
and known phytochemical richness. Among the 
most frequently reported are neem (Azadirachta 
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indica), which is rich in terpenoids and flavonoids; 
green tea (Camellia sinensis), with its high catechin 
and polyphenol content; eucalyptus (Eucalyptus 
globulus); aloe vera (Aloe barbadensis); and various 
fruit peels such as pomegranate, citrus, and banana. 
More recently, agricultural residues and weeds—like 
the invasive  Parthenium hysterophorus  or water 
hyacinth—have gained attention as low-cost, 
waste-derived feedstocks. The phytosynthesis of 
metal-based nanoparticles is particularly prominent 
for essential plant micronutrients. For zinc oxide 
(ZnO) nanoparticles, which address widespread 
zinc deficiency in both crops and soils, leaf extracts 
of  Azadirachta indica,  Ocimum tenuiflorum  (holy 
basil), or  Moringa oleifera  have been shown to 
produce hexagonal or spherical nanoparticles 
ranging from 10 to 50 nm, with the phytochemicals 
also imparting antimicrobial properties that can 
help suppress soilborne pathogens. Similarly, 
copper oxide (CuO) nanoparticles, valued for their 
fungicidal and plant defense-eliciting properties, 
have been synthesized using extracts of  Ficus 
carica (fig) leaves, Citrus limon (lemon) peel, or Aloe 
barbadensis  gel; the resulting nanoparticles are 
often smaller and more uniform than those produced 
by chemical methods, and they exhibit enhanced 
adherence to leaf surfaces. Iron oxide (FeO or 
Fe₂O₃) nanoparticles, critical for chlorophyll synthesis 
and as a remedy for iron chlorosis in alkaline 
soils, have been successfully produced using 
extracts from Syzygium cumini (java plum), Carica 
papaya  (papaya), and green tea. In each case, 
the phytochemicals do not merely assist formation 
but actively confer additional bioactivity, such as 
antioxidant or enzyme-mimicking functions, that can 
benefit plant physiology upon application. However, 
plant-mediated synthesis does have limitations: 
batch-to-batch variability due to seasonal and 
geographical differences in phytochemical profiles, 
and the potential need for extraction steps that 
consume water and energy. These challenges have 
driven complementary research into microbial-
mediated synthesis.

	 Moving to microbial-mediated synthesis, 
this approach harnesses the natural metabolic 
versatility of bacteria, fungi, and microalgae (the 
latter often considered separately, though algae 
bridge both microbial and plant-like systems) to 
convert metal ions into stable nanoparticles through 
either intracellular or extracellular pathways. In 

bacterial synthesis, the mechanisms are remarkably 
diverse. Intracellular synthesis occurs when metal 
ions are transported across the bacterial cell wall and 
membrane into the cytoplasm, where they encounter 
reducing enzymes such as NADH-dependent 
nitrate reductases, hydrogenases, or metal-binding 
proteins like metallothioneins. Inside the cell, the 
reduction to zerovalent metal atoms occurs in 
localized compartments, and the nanoparticles are 
stored within the cytoplasm or attached to the inner 
membrane. While this yields well-controlled sizes 
and high monodispersity, the nanoparticles must be 
subsequently extracted by cell lysis, which adds cost 
and complexity. Extracellular synthesis, by contrast, 
is generally preferred for scalability. Here, bacteria 
secrete reducing agents—including enzymes, 
cofactors, exopolysaccharides, and secondary 
metabolites—directly into the surrounding medium. 
Metal ions in the solution are reduced outside the 
cell, and the nascent nanoparticles are stabilized by 
the same excreted biomolecules. Common bacterial 
workhorses include Bacillus subtilis, Pseudomonas 
fluorescens, Escherichia coli, Lactobacillus spp., and 
the metal-tolerant  Stenotrophomonas maltophilia. 
For instance,  Bacillus megaterium  has been 
used to produce extracellular ZnO nanoparticles 
with potent plant-growth-promoting effects, 
while  Pseudomonas aeruginosa  synthesizes 
CuO nanoparticles that exhibit strong antifungal 
activity against phytopathogens. The advantages 
of bacterial synthesis include rapid growth rates, 
ease of genetic manipulation, and the possibility of 
continuous bioreactor-based production. However, 
the risk of contamination and the need for sterile 
conditions remain challenges. Fungal synthesis 
offers distinct advantages that complement bacterial 
methods. Filamentous fungi and yeasts possess 
exceptionally high metal tolerance compared to 
most bacteria, a trait that likely evolved as a defense 
mechanism against metal-rich environments. 
They can grow at lower pH, which prevents 
metal precipitation, and they secrete copious 
amounts of extracellular enzymes—particularly 
reductases and phytochelatin synthase—directly 
into the growth medium. This extracellular enzymatic 
machinery, combined with the high surface area 
of mycelial biomass, makes fungi exceptionally 
efficient at reducing metal salts. Common fungal 
species used include Aspergillus niger,  Fusarium 
oxysporum, Penicillium chrysogenum, Trichoderma 
viride, and the yeast  Candida albicans. The 
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extracellular synthesis pathway in fungi is particularly 
attractive because the nanoparticles are produced 
free of cellular debris and can be harvested simply by 
filtration or centrifugation. Moreover, many of these 
fungi are already deployed as biocontrol agents or 
plant growth promoters (e.g.,  Trichoderma  spp.), 
so their use in nanofertilizer synthesis can deliver 
a dual benefit: the nanoparticles themselves plus 
the beneficial fungal metabolites or biomass. For 
example,  Aspergillus niger-mediated synthesis 
yields stable iron oxide nanoparticles that can 
be delivered as a suspension, while  Fusarium 
culmorum produces extracellular zinc nanoparticles 
that enhance wheat growth under saline conditions. 
Fungi also produce a wider variety of capping 
proteins and polysaccharides, which often results 
in nanoparticles with excellent long-term stability. 
Despite these benefits, fungal synthesis is typically 
slower than bacterial synthesis (days rather than 
hours) and requires careful control of pH and 
temperature. More recently, microalgae have 
emerged as a powerful microbial platform, straddling 
the line between prokaryotic and photosynthetic 
sys tems.  Mic roa lgae such as   Chlore l la 
vulgaris, Spirulina platensis, Scenedesmus obliquus, 
and  Nannochloropsis oculata  can synthesize 
nanoparticles both intracellularly (within the 
chloroplast or cytoplasm) and extracellularly 
via secreted exopolysaccharides and proteins. 
Their rapid photosynthetic growth, ability to 
grow in wastewater, and production of unique 
reducing molecules (phycobiliproteins, carotenoids, 
and sulfated polysaccharides) make them an 
economically and environmentally attractive option. 
The emerging field of microalgae-mediated synthesis 
is particularly promising because it integrates carbon 
capture and nutrient recycling with nanomaterial 
production, aligning perfectly with circular economy 
principles.

	 This leads directly to the third major 
approach: algae-based synthesis, or phycosynthesis, 
which is often distinguished from microbial 
synthesis because macroalgae (seaweeds) offer 
unique advantages separate from microalgae. 
Phycosynthesis pathways are fundamentally similar 
to phytosynthesis in that whole algal extracts are 
used to reduce metal salts, but the specific bioactive 
compounds involved are distinct. Macroalgae—
including green (Ulva lactuca, Caulerpa spp.), brown 
(Sargassum spp., Padina spp., Fucus vesiculosus), 

and red (Gracilaria edulis, Kappaphycus alvarezii) 
seaweeds—are rich in unique polysaccharides 
such as alginates, fucoidans, carrageenans, and 
ulvans, which possess abundant hydroxyl, sulfate, 
and carboxyl groups. These functional groups act 
as strong reducing agents, converting metal ions 
(e.g., Ag⁺ to Ag⁰, Zn²⁺ to Zn⁰) while simultaneously 
chelating and stabilizing the nascent nanoparticles 
through a mechanism often described as “wrapping” 
or “encapsulation.” In addition to polysaccharides, 
seaweeds contain polyphenols (phlorotannins, which 
are unique to brown algae), pigments (fucoxanthin, 
chlorophylls, phycobiliproteins), vitamins, and 
terpenoids, all of which contribute to the reduction 
and stabilization cascade. The typical phycosynthesis 
protocol involves washing and drying the seaweed, 
grinding it into a powder, boiling or soaking in water to 
produce an extract, and then mixing that extract with 
a metal salt solution at room temperature or slightly 
elevated temperature (40–60°C). The reaction 
kinetics are generally slower than phytosynthesis 
but yield nanoparticles with remarkable uniformity 
and a thick, natural polysaccharide coating that 
enhances biocompatibility and reduces potential 
toxicity. For fertilizer applications, algae-based 
synthesis offers several compelling features. First, 
the resulting nanoparticles are intrinsically coated 
with algal polysaccharides that act as natural 
slow-release matrices—when applied to soil or 
leaves, these coatings degrade gradually, releasing 
the metal nutrients in response to microbial or 
enzymatic activity. Second, the residual algal 
extract itself serves as a biostimulant, containing 
plant growth regulators (e.g., cytokinins, auxins, 
gibberellins), osmoprotectants, and micronutrients, 
thereby creating a multi-functional nanofertilizer 
that both nourishes and stimulates the crop. For 
example,  Sargassum  species have been widely 
used to synthesize ZnO and CuO nanoparticles for 
foliar application on tomato and chili plants, resulting 
in increased yield, enhanced photosynthetic 
efficiency, and improved resistance to fungal 
pathogens. Third, the use of invasive or bloom-
forming macroalgae—such as Ulva spp. in eutrophic 
estuaries or Sargassum in the Caribbean—converts 
an environmental problem into a valuable resource. 
In terms of specific fertilizer formulations, algae-
synthesized iron oxide nanoparticles have proven 
highly effective in correcting iron deficiency in rice and 
soybean, while copper oxide nanoparticles derived 
from  Gracilaria  extracts show potent antibacterial 
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activity against  Xanthomonas  pathogens in citrus 
and rice. Moreover, the combination of multiple 
metal ions (e.g., Zn, Cu, Fe, Mn) can be reduced 
simultaneously using a single algal extract, 
producing mixed-metal nanofertilizers that address 
multiple nutrient deficiencies in one application. The 
scalability of phycosynthesis is also noteworthy: 
seaweeds are cultivated on a commercial scale in 
many coastal nations (e.g., Indonesia, Philippines, 
Chile, Norway), and the processing infrastructure 
already exists for extracting hydrocolloids. This 
same infrastructure can be adapted for nanofertilizer 
production with minimal additional investment. 
Challenges remain, including the seasonal variability 
of seaweed composition, the need for large volumes 
of extract, and the requirement for rigorous quality 
control to ensure nanoparticle consistency. However, 
the convergence of low cost, renewable sourcing, 
inherent biostimulant activity, and slow-release 
properties positions algae-based synthesis as one 
of the most sustainable and economically viable 
routes for producing next-generation nanofertilizers. 
Collectively, plant, microbial, and algal green 
synthesis methods offer a rich, complementary 
toolbox that allows researchers and agricultural 
technologists to select the most appropriate 
biological resource based on local availability, 
target crop, specific metal nutrient, and desired 
nanoparticle characteristics—moving agriculture 
decisively away from hazardous chemical synthesis 
and toward a truly sustainable, bio-integrated future.

Classification and Types of Green Nano-
Fertilizers
	 Green nano-fertilizers, synthesized via 
plant, microbial, or algal routes, can be classified 
into several distinct categories based on their 
nutrient composition and release mechanisms. 
Macronutrient-based nano-fertilizers focus on the 
primary plant nutrients nitrogen (N), phosphorus 
(P), and potassium (K). For N, formulations include 
nanoscale urea-hydroxyapatite composites or 
chitosanencapsulated urea nanoparticles; for 
P, nanohydroxyapatite (a calcium phosphate 
phase) and nanorock phosphate; and for K, 
nanoscale potassium nitrate or zeolitebased carriers. 
These macronutrient nanoparticles significantly 
improve use efficiency by reducing volatilization 
and leaching. Micronutrientbased nanofertilizers 
target essential trace elements: zinc (as ZnO or 
Znalginate nanoparticles), iron (FeO, Fe₂O₃, or 

Fechelates), copper (CuO nanoparticles with 
fungicidal properties), and manganese (Mn₃O₄ or 
MnO₂). These are often synthesized using extracts 
of neem, garlic, or green tea to impart additional 
bioactivity. Organic and composite nanofertilizers 
combine nutrients with natural polymers (chitosan, 
alginate, cellulose nanocrystals) or carbonbased 
materials (nanobiochar, humic acid nanoparticles). 
Such composites offer dual benefits: the organic 
matrix acts as a slowrelease binder and a soil 
conditioner. Controlledrelease nanoformulations 
represent a more advanced class, where nutrients 
are encapsulated within a biodegradable polymeric 
shell (e.g., starchpolyvinyl alcohol blends) or 
intercalated into layered double hydroxides, allowing 
release triggered by soil pH, temperature, or microbial 
enzymes. Finally, nanoenhanced biofertilizers 
are emerging as a hybrid technology: beneficial 
microorganisms (rhizobacteria, mycorrhizal fungi) 
are either decorated with nutrient nanoparticles on 
their cell surfaces or coformulated with nanoparticles 
that protect the microbes from desiccation and 
UV damage while providing immediate soluble 
nutrients. The impact of these green nanofertilizers 
on soil physicochemical properties is profound and 
multifaceted. Starting with soil pH and electrical 
conductivity (EC), conventional saltbased fertilizers 
often acidify soils (via nitrification of ammonium) 
or sharply increase EC, causing osmotic stress. In 
contrast, green nanofertilizers, being slowrelease 
and lowersalt, exert a buffering effect: the gradual 
dissolution of nanoscale metal oxides (e.g., ZnO, 
CuO) consumes protons in acidic soils, subtly 
raising pH toward neutrality, while in alkaline 
soils, the organic capping agents (polyphenols, 
polysaccharides) can chelate free calcium and 
reduce alkalinity. EC remains stable because ions 
are released in small, plantsynchronous quantities 
rather than all at once, avoiding the spikes that 
damage root cells. Regarding soil organic matter 
and carbon dynamics, regular application of plant 
or algalderived nanofertilizers introduces significant 
carbon inputs from the residual biomolecules coating 
the nanoparticles. This labile organic carbon serves 
as a substrate for microbial communities, enhancing 
microbial biomass and extracellular enzyme activity. 
Over successive crop cycles, this can increase soil 
organic carbon (SOC) by 5–15%, as measured in 
comparative field trials. Moreover, the nanoparticles 
themselves – particularly iron and manganese oxides 
– can catalyze the Fenton reaction, accelerating the 
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breakdown of recalcitrant organic compounds into 
humic substances, thereby improving soil fertility. 
Soil structure and aggregation are markedly 
improved. Nanoparticles, especially those with high 
surface charge (e.g., chitosancoated ZnO), act as 
binding agents that flocculate clay particles and 
bridge microaggregates into macroaggregates. 
This increases soil porosity and aggregate stability, 
reducing surface crusting and erosion. The huge 
specific surface area of nanoparticles (often >100 
m²/g) also provides additional sorption sites for 
water and nutrients. Consequently, soil water holding 
capacity (WHC) rises significantly; nanobiochar 
composites are particularly effective, with studies 
showing WHC increases of 20–40% compared to 
unamended soils. This is because the nanopores 
within biochar retain water against gravity, and the 
hydrophilic coatings (e.g., alginate) further absorb 
moisture. Cation exchange capacity (CEC) is another 
critical parameter enhanced by green nanofertilizers. 
The high surface area of nanoparticles, coupled 
with abundant oxygencontaining functional groups 
(OH, COOH, from phytochemical coatings), creates 
numerous negative binding sites. For example, 
iron oxide and humic acid nanoparticles can 
increase CEC by 10–25 cmol/kg in sandy loam 
soils, directly improving the soil’s ability to retain 
potassium, calcium, and magnesium against 
leaching. Finally, the most transformative impact 
is on soil nutrient dynamics and availability. Green 
nanofertilizers fundamentally improve nutrient 
release efficiency through slowrelease and targeted 
delivery mechanisms. Conventional fertilizers may 
see 30–50% of applied N lost; nanoencapsulated 
urea reduces that to below 15%. The nanoparticles 
are small enough to enter root apoplast or even be 
taken up by root hairs directly, bypassing competition 
with soil microbes and clay fixation. Furthermore, the 
organic coating can be designed to degrade only 
in the rhizosphere – triggered by root exudates or 
pH changes – ensuring that nutrients are delivered 
precisely when and where the plant needs them. This 
dramatically reduces nutrient leaching and runoff 
losses, addressing eutrophication. For phosphorus, 
nanohydroxyapatite releases phosphate ions at rates 
matching plant uptake, preventing the rapid fixation 
typical of soluble P fertilizers. In summary, green 
nanofertilizers not only nourish crops but actively 
regenerate soil physical, chemical, and biological 
health, marking a decisive shift from extractive to 
regenerative agricultural practices.

Soil Biological and Enzymatic Responses
	 The application of greensynthesized 
nanofertilizers exerts a profound influence on soil 
enzyme activities, which serve as sensitive indicators 
of soil health and biogeochemical cycling. Among the 
most responsive enzymes is urease, which catalyzes 
the hydrolysis of urea to ammonia and carbon 
dioxide. Conventional chemical fertilizers often 
cause a transient spike in urease activity, leading 
to rapid ammonia volatilization and nitrogen loss. 
In contrast, green nanofertilizers—especially those 
encapsulating nitrogen within chitosan, alginate, 
or plantextract coatings—release urea slowly, 
resulting in a moderate and sustained increase in 
urease activity that closely matches plant nitrogen 
demand. This prevents the wasteful ammonia 
pulse and reduces environmental contamination. 
Sucrase, an enzyme that hydrolyzes sucrose 
into glucose and fructose, reflects soil organic 
matter decomposition and carbon availability. 
Studies consistently show that green ZnO or FeO 
nanoparticles, synthesized using neem or green 
tea extracts, elevate sucrase activity by 15–30% 
compared to controls, primarily because the organic 
capping agents provide a readily metabolizable 
carbon source that primes microbial metabolism. 
Dehydrogenase activity, which measures the 
overall oxidative potential of the soil microbial 
community, is perhaps the most sensitive indicator 
of microbial viability. Green nanofertilizers, being 
free of toxic reducing agents and highsalt residues, 
increase dehydrogenase activity significantly—by 
up to 40–60% in longterm field trials—because 
the gradual release of micronutrients (Zn, Fe, Cu) 
alleviates deficiencies that otherwise suppress 
microbial electron transport chains. Phosphatase 
enzymes, including acid and alkaline phosphatase, 
are critical for mineralizing organic phosphorus 
into plantavailable orthophosphate. Conventional 
phosphorus fertilizers often suppress phosphatase 
activity through feedback inhibition, creating a 
dependency on repeated applications. However, 
green nanohydroxyapatite or phosphateloaded 
biochar nanoparticles release phosphate at 
subinhibitory concentrations, maintaining or even 
stimulating phosphatase activity. This creates a 
positive feedback loop: the nanoparticles supply 
a baseline of soluble P, while the enhanced 
phosphatase activity releases additional P from 
native soil organic matter, reducing the need for 
external inputs. Catalase, which decomposes 
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hydrogen peroxide and protects cells from oxidative 
stress, shows a biphasic response: at low to 
moderate doses of green nanofertilizers, catalase 
activity increases due to mild oxidative signaling; 
at very high doses (rarely used in practice), it may 
decline. Overall, the pattern is one of balanced 
stimulation rather than suppression. Turning to 
soil microbial communities, green nanofertilizers 
profoundly alter both population sizes and functional 
diversity. Beneficial bacterial populations, particularly 
plantgrowthpromoting rhizobacteria (PGPR) such 
as  Bacillus,  Pseudomonas, and  Azotobacter, 
consistently increase in response to green ZnO, FeO, 
and CuO nanoparticles. These bacteria benefit from 
the nanoparticle surfaces, which serve as attachment 
sites and microniches, and from the organic coatings 
(polysaccharides, flavonoids) that act as carbon 
sources. Fungal populations, including arbuscular 
mycorrhizal fungi (AMF) and saprotrophic fungi 
like Trichoderma, also show increased colonization 
and spore density. Unlike ionic forms of copper or 
zinc that are highly toxic to fungi, greensynthesized 
CuO nanoparticles release metal ions slowly, 
conferring antifungal activity against pathogens 
without eliminating beneficial fungi. Shifts in microbial 
diversity are equally important. Metagenomic studies 
reveal that green nanofertilizers increase Shannon 
diversity indices compared to chemical fertilizer 
treatments, which often homogenize communities 
toward fastgrowing copiotrophs. The slow release of 
nutrients from green nanoformulations favors a more 
balanced community of Kstrategists (slowgrowing, 
efficient competitors) alongside copiotrophs, 
enhancing functional redundancy and resilience. Key 
functional genes involved in nitrogen fixation (nifH), 
nitrification (amoA), and phosphorus solubilization 
(pqqC) are upregulated in soils treated with green 
nanofertilizers. Finally, soilplantmicrobe interactions 
are strengthened. The nanoparticles themselves 
can travel along hyphal networks of mycorrhizal 
fungi, effectively extending the root’s nutrient 
acquisition zone. The mild oxidative stress induced 
by some metal nanoparticles primes plant defense 
pathways, and the associated microbes produce 
phytohormones (indole3acetic acid, gibberellins) and 
siderophores that further enhance nutrient uptake. 
In essence, green nanofertilizers act not as biocides 
but as ecosystem engineers, selectively promoting 
beneficial guilds while suppressing pathogens, 
thereby creating a rhizosphere that is both more 
productive and more stable.

Mechanisms of Action in Soil System
The transformative potential of green nanofertilizers 
lies in their ability to achieve targeted nutrient 
delivery and nanoscale absorption, fundamentally 
redefining how plants acquire essential elements. 
Unlike conventional fertilizers that dissolve rapidly 
and expose roots to high, often toxic, concentrations 
of soluble salts, greensynthesized nanoparticles 
exploit the unique physical and chemical properties 
of the nanoscale regime. Their extremely small 
size—typically between 10 and 100 nm—allows 
them to penetrate plant cuticles, cell walls, and even 
plasmodesmata through mechanisms unavailable 
to bulk particles. For instance, greensynthesized 
zinc oxide or iron oxide nanoparticles coated 
with neem or alginate extracts can enter roots 
via apoplastic pathways (moving through cell wall 
spaces) or symplastic routes (via endocytosis and 
ion channels). This nanoscale absorption bypasses 
the need for complete dissolution in the soil solution, 
delivering nutrients directly into the root cortex or 
even into chloroplasts. Furthermore, the surface 
functional groups derived from phytochemicals or 
microbial exudates—hydroxyl, carboxyl, amine, 
and sulfate moieties—act as molecular “address 
tags,” allowing nanoparticles to bind preferentially 
to root hair surfaces or to be recognized by specific 
transporter proteins. This targeted approach 
dramatically reduces the distance nutrients must 
diffuse, minimizing interception by soil colloids, 
competing microbes, or chemical precipitation. 
The result is a sharp increase in the fraction of 
applied nutrients that actually enter the plant, 
often exceeding 80–90% compared to 30–50% for 
conventional salts.

	 Central to achieving this precision is the 
design of controlledrelease mechanisms through 
nanocarriers. Greensynthesized nanocarriers are 
typically biodegradable polymers (chitosan, starch 
nanocrystals, alginate), clay minerals (nanozeolites, 
halloysite nanotubes), or carbonbased materials 
(nanobiochar, humic acid nanoparticles). These 
carriers physically encapsulate nutrient ions or 
crystals, creating a physical barrier that separates 
the fertilizer from the soil environment. The release 
is not passive; it is triggered by specific biological or 
environmental signals. For example, chitosanbased 
nanocarriers are pHsensitive: in the slightly 
acidic rhizosphere (pH 5.0–6.0) created by root 
exudates, the amino groups of chitosan become 
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protonated, causing the polymer to swell and 
release the encapsulated nitrogen or micronutrients. 
Similarly, alginate nanocarriers degrade in the 
presence of alginate lyase enzymes produced by 
rhizosphere bacteria, synchronizing nutrient release 
with microbial activity. Other green nanocarriers 
incorporate enzymecleavable peptide links or 
redoxsensitive disulfide bonds, allowing release 
only when rootsecreted reductants or oxidants are 
present. This level of environmental responsiveness 
ensures that nutrients are not wasted during periods 
of low plant demand, such as early germination or 
late maturation, and are instead released precisely 
when the plant’s nutrientuptake systems are most 
active.

	 The consequence of such controlled 
release is slowrelease kinetics and extended nutrient 
availability over the entire crop cycle. Whereas 
conventional urea dissolves and hydrolyzes 
within days to weeks, leading to a sharp peak of 
available nitrogen followed by rapid losses, a green 
nanofertilizer based on urealoaded hydroxyapatite 
or chitosanencapsulated urea can exhibit release 
halflives of 30 to 60 days. The release kinetics 
typically follow a sigmoidal or zeroorder pattern, 
meaning a nearly constant amount of nutrient is 
released per unit time, matching the linear or gradual 

Fig. 4: Role of Plant Growth Promoting Rhizobacteria (PGPR) in Enhancing Plant Growth

growth phase of most annual crops. For phosphorus, 
nanohydroxyapatite particles dissolve slowly in 
the presence of organic acids released by plant 
roots and mycorrhizal fungi, providing a sustained 
supply of phosphate without the initial spike that 
leads to fixation by calcium or iron. For potassium, 
intercalation into nanozeolites provides a reversible 
exchange that buffers soil solution K⁺ concentrations. 
This extended availability not only reduces the 
number of required split applications (from three 
or four to possibly one per season) but also lowers 
the risk of postharvest losses that contaminate 
water bodies. Moreover, the organic coatings on 
green nanoparticles themselves slowly mineralize, 
providing a secondary source of carbon and energy 
for soil microbes that, in turn, produce additional 
plantavailable nutrients through mineralization of 
native organic matter.

	 Ultimately, all these mechanisms converge 
to modulate nutrient use efficiency (NUE)—
defined as the yield produced per unit of nutrient 
applied—to levels previously unattainable with 
conventional fertilizers. For nitrogen, NUE can 
increase from 30–40% to over 70–80% using green 
nanoformulations, as demonstrated in rice, wheat, 
and maize trials. For phosphorus, which typically 
has a very low NUE of 10–20% due to rapid fixation, 
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nanohydroxyapatite or phosphorusloaded biochar 
can boost NUE to 40–60%. This improvement is 
not merely academic: higher NUE means farmers 
can achieve the same or better yields with 30–50% 
less fertilizer, drastically reducing input costs, 
greenhouse gas emissions from fertilizer production, 
and downstream eutrophication. The green synthesis 
route further enhances NUE because the residual 
biomolecules act as natural synergists—flavonoids 
from plant extracts can upregulate root nitrate 
transporters, while algal polysaccharides stimulate 
root hair proliferation, increasing the root surface 
area for absorption. In addition, the slowrelease 
kinetics prevent the osmotic shock and salt injury 
that often suppress root function under conventional 
fertilization, maintaining a healthy, active root system 
throughout the season. When combined with the 
positive effects on soil microbial communities and 
enzyme activities described earlier, the improvement 
in NUE becomes a systemslevel enhancement, 
not just a product attribute. Green nanofertilizers 
thus transform nutrient management from a crude, 
highloss dumping of salts into a finely orchestrated, 
plantsynchronized delivery system that respects 
both crop physiology and environmental limits.

Conclusion 

	 The convergence of environmental 
necessity, nanotechnological innovation, and 
the principles of green chemistry has positioned 
greensynthesized nanofertilizers as a transformative 
solution for modern agriculture. This review has 
demonstrated that plantmediated (phytosynthesis), 
microbialmediated (bacterial, fungal, and microalgal), 
and algaebased (phycosynthesis) routes offer a 
versatile, lowcost, and environmentally benign 

toolbox for producing nanoparticles tailored to 
specific crop and soil needs. Unlike conventional 
chemical fertilizers, which are inherently inefficient 
and drive a cycle of soil degradation, water pollution, 
and greenhouse gas emissions, green nanofertilizers 
fundamentally improve soil physicochemical 
properties. They buffer pH, stabilize electrical 
conductivity, enrich soil organic carbon, enhance 
aggregation and porosity, elevate water holding 
capacity, and increase cation exchange capacity—
all of which contribute to longterm soil fertility. 
Simultaneously, they foster a healthy soil microbiome 
by stimulating beneficial enzyme activities (urease, 
sucrase, dehydrogenase, phosphatase) and 
promoting plantgrowthpromoting rhizobacteria and 
mycorrhizal fungi, while suppressing pathogens 
through slow, nontoxic release of metal ions. The 
mechanistic advantages of these nanoformulations 
are equally compelling. Their nanoscale dimensions 
enable direct uptake by plant roots, bypassing 
soil fixation and competition. Controlledrelease 
mechanisms—using biodegradable polymers such 
as chitosan and alginate, as well as nanozeolites 
and nanobiochar—respond to rhizosphere signals 
(pH, enzymes, redox potential), delivering nutrients 
precisely when and where plants need them. This 
results in slowrelease kinetics that match crop 
growth phases, reducing application frequency and 
postharvest losses. The net effect is a dramatic 
improvement in nutrient use efficiency (NUE): 
nitrogen NUE rises from 30–40% to over 70–80%, 
and phosphorus NUE from 10–20% to 40–60%. 
Such gains translate directly into 30–50% less 
fertilizer use, 15–40% higher yields, lower production 
costs for farmers, and a significant reduction in 
eutrophication and nitrous oxide emissions.
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