© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002

Nano biofertilizers as a Sustainable Strategy for Soil

Fertility Enhancement and Crop Productivity: A

Comprehensive Review

Meghana. M!, Madhuri Sathyanarayana®, Ramya G. T?

! Assistant Professor and Head, Department of Biochemistr,
MMK and SDM Mahila mahavidhyala, Mysore.
’Department of Biochemistry, Kuvempu University, Shankaraghatta

*Corresponding Author- Department of Food Technology, Kuvempu University, India.

Abstract—The increasing global demand for food
production has intensified reliance on synthetic
fertilizers, leading to soil degradation, nutrient
imbalance, environmental pollution, and loss of
beneficial soil microbiota. Sustainable nutrient
management strategies are urgently required to ensure
long-term agricultural productivity without
compromising environmental health. Nano biofertilizers
have emerged as an innovative solution by integrating
nanotechnology with beneficial microbial inoculants to
enhance nutrient delivery efficiency and soil biological
activity,. These advanced formulations utilize
nanocarriers to encapsulate nutrients and
microorganisms, enabling controlled release, reduced
nutrient losses, and improved plant uptake. Evidence
from recent studies indicates that nano biofertilizers
enhance soil physical structure, chemical balance, and
enzymatic activity while promoting root development,
photosynthetic efficiency, and stress tolerance in crops.
Despite promising agronomic and environmental
benefits, concerns regarding production costs, regulatory
frameworks, and long-term ecological safety remain.
This review synthesizes current knowledge on the
mechanisms, applications, and agronomic significance of
nano biofertilizers in improving soil fertility and crop
yield while highlighting challenges and future research
directions.
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[. INTRODUCTION

Modern agricultural systems have achieved
remarkable yield improvements through the extensive
use of chemical fertilizers. However, continuous and
indiscriminate fertilizer application has resulted in soil
nutrient imbalance, decline in organic matter,
groundwater contamination, and reduced microbial
diversity (Tilman et al., 2002; Gupta et al., 2015).
These environmental and ecological consequences
threaten long-term agricultural sustainability.
Biofertilizers have been introduced as eco-friendly
alternatives due to their ability to enhance nutrient
cycling through biological nitrogen fixation,
phosphate  solubilization, and  phytohormone
production (Vessey, 2003; Bhattacharyya & Jha,
2012). However, their field performance is often
inconsistent because of environmental stresses and
limited  microbial  survival.  Advances in
nanotechnology have created opportunities for
improving nutrient delivery systems. Engineered
nanomaterials possess high surface area, enhanced
reactivity, and controlled release properties that
improve fertilizer efficiency (Liu & Lal, 2015). The
integration of nanotechnology with microbial
biofertilizers has led to the development of nano
biofertilizers, which combine microbial functionality
with nanoscale nutrient delivery systems (Raliya et al.,
2017). These systems offer improved microbial
protection, targeted nutrient release, and enhanced
plant microbe interactions, making them promising
tools for sustainable agriculture.
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II. EVOLUTION OF BIOFERTILIZERS IN
SUSTAINABLE AGRICULTURE

The concept of biofertilization emerged as an
environmentally sound alternative to synthetic
fertilizers, focusing on harnessing beneficial soil
microorganisms to enhance nutrient availability and
plant growth. Biofertilizers consist primarily of
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nitrogen-fixing  bacteria,  phosphate-solubilizing
microorganisms, potassium-mobilizing bacteria, and
plant growth-promoting rhizobacteria (PGPR) that
improve nutrient cycling in the soil ecosystem (Vessey,
2003). These microbial inoculants contribute to
sustainable agriculture by reducing dependency on

chemical inputs while maintaining soil fertility.
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Figure 1: Diagram depicting the mechanisms through which nano biofertilizers enhance plant performance and
resilience under abiotic and biotic stress conditions (Kumar & Singh, 2021).

Nitrogen-fixing microorganisms such as Rhizobium,
Azotobacter, and Azospirillum convert atmospheric
nitrogen into plant-available forms through biological
nitrogen fixation. Phosphate-solubilizing bacteria,
including species of Pseudomonas and Bacillus,
release organic acids that solubilize insoluble
phosphate compounds, thereby improving phosphorus
availability ~ (Bhattacharyya &  Jha, 2012).
Additionally, PGPR enhance plant growth through
phytohormone production, siderophore secretion, and
induced systemic resistance mechanisms (Gupta et al.,
2015).

Despite their advantages, conventional biofertilizers
often demonstrate inconsistent performance under
field conditions. Environmental factors such as
temperature fluctuations, soil moisture stress, extreme
pH, and UV radiation significantly reduce microbial
survival and activity (Vessey, 2003). Moreover,
limited shelf life and storage instability pose
challenges to large-scale adoption. These constraints
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have driven research toward improving the delivery
systems
inoculants.

and functional stability of microbial

III. ADVANCEMENTS IN NANOTECHNOLOGY
FOR AGRICULTURAL APPLICATIONS

Nanotechnology has emerged as a transformative
approach in modern agriculture by enabling precise
manipulation of materials at the nanoscale.
Nanoparticles exhibit unique physicochemical
properties, including high surface area to volume ratio,
enhanced adsorption capacity, increased reactivity,
and tunable release characteristics (Liu & Lal, 2015).
These attributes make them suitable carriers for
nutrients and bioactive compounds.

Engineered nanomaterials such as nano zeolites, nano
clays, silica nanoparticles, and metal oxide
nanoparticles have been investigated for their role in

improving nutrient retention and controlled release
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(Kah et al., 2018). Unlike conventional fertilizers that
release nutrients rapidly, nano fertilizers provide
gradual nutrient supply synchronized with plant
demand, thereby minimizing nutrient losses through
leaching, volatilization, and fixation.

Studies have demonstrated that nanomaterials can
enhance nutrient solubility and mobility within the soil
plant system, resulting in improved nutrient uptake
efficiency. Additionally, nano-formulations have
shown potential in enhancing micronutrient delivery,
particularly zinc, iron, and silicon, which are essential
for enzymatic and metabolic processes in plants (Nair
etal., 2010).

However, early research on nano fertilizers primarily
focused on inorganic nutrient delivery systems, with

limited attention to integrating biological components.
This gap led to the conceptualization of nano
biofertilizers, combining microbial inoculants with
nanocarrier technology.

IV. EMERGENCE AND DEVELOPMENT OF
NANO BIOFERTILIZERS

Nano biofertilizers represent a novel integration of
nanotechnology and microbial biotechnology aimed at
overcoming the limitations of traditional biofertilizers.
The incorporation of beneficial microorganisms into
nanostructured carriers enhances microbial protection,
viability, and functional efficiency (Raliya et al.,
2017).
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Figure 2: Integrated schematic overview presenting the synthesis processes, application pathways, plant uptake
mechanisms, and agronomic benefits of nano biofertilizers in crop systems (Bairwa et al., 2023).
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Nano encapsulation techniques protect microbial cells
from adverse environmental conditions, including
desiccation, UV radiation, and osmotic stress. This
protection significantly improves shelf life and
rhizosphere colonization efficiency. Moreover,
nanocarriers enable targeted nutrient delivery
alongside microbial inoculants, ensuring synchronized
nutrient release and microbial activity (Kah et al.,
2018). Experimental studies have reported increased
nitrogen and phosphorus use efficiency in crops
treated with nano biofertilizers compared to
conventional fertilizer systems. Enhanced microbial
enzyme  activity, particularly  dehydrogenase,
phosphatase, and urease, has been observed, indicating
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improved soil biological functioning (Dimkpa et al.,
2015).

V. IMPACT ON SOIL PHYSICAL, CHEMICAL,
AND BIOLOGICAL PROPERTIES

Soil Physical Properties

Nano biofertilizers contribute to improved soil
aggregation and porosity through interactions between
nanoparticles and soil colloids. Improved aggregation
enhances aeration, water infiltration, and root
penetration (Liu & Lal, 2015). Nano zeolites and nano
clays exhibit high water holding capacity, which is
particularly beneficial under drought prone conditions.
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Figure 3: Conceptual diagram illustrating how nano fertilizer based inputs contribute to improvements in soil quality
parameters, including physical structure, nutrient availability, and biological activity (Bairwa et al., 2023).

Soil Chemical Properties

Controlled nutrient release minimizes nutrient fixation
and maintains optimal nutrient concentrations in the
soil solution. Nano-phosphorus formulations reduce
phosphorus  precipitation, while nano-nitrogen
fertilizers reduce volatilization losses (Kah et al.,
2018). This balanced nutrient availability enhances
soil chemical stability and nutrient use efficiency.

Soil Biological Properties

The biological component of nano biofertilizers
enhances microbial biomass and diversity in the
rhizosphere. Increased soil enzyme activity accelerates
organic matter decomposition and nutrient
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mineralization (Dimkpa et al., 2015). Enhanced plant—
microbe interactions improve nutrient cycling and
overall soil fertility.

VI. AGRONOMIC PERFORMANCE AND YIELD
ENHANCEMENT

Numerous studies indicate that nano biofertilizers
positively influence crop growth parameters, including
root length, plant height, chlorophyll content, and
biomass accumulation (Singh et al., 2020). Enhanced
photosynthetic efficiency and improved nutrient
assimilation contribute to higher yield attributes such
as grain weight and harvest index.
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Figure 4: Comparative schematic representation demonstrating the limitations associated with conventional
chemical fertilizers and the enhanced efficiency and sustainability offered by nano hybrid construct based nano
fertilizers (Bairwa et al., 2023).

Furthermore, nano biofertilizers have demonstrated
potential in enhancing tolerance to abiotic stresses
such as drought and salinity by stimulating antioxidant
defence systems and Osmo protectant accumulation
(Dimkpa & Bindraban, 2018). Induced systemic
resistance mechanisms also improve plant resilience
against pathogens.

VII. ENVIRONMENTAL AND ECOLOGICAL
CONSIDERATIONS

Reduced chemical fertilizer dependency lowers
nutrient runoff, groundwater contamination, and
greenhouse gas emissions (Kah et al., 2018). However,
concerns regarding nanoparticle persistence, potential
toxicity, and ecological interactions remain subjects of
ongoing research. Long term environmental
monitoring and standardized safety evaluations are
essential for sustainable adoption.

VIII. CONCLUSION

Nano biofertilizers represent a paradigm shift in
agricultural nutrient management by integrating
microbial biotechnology with nanoscience to create
efficient, sustainable, and environmentally responsible
fertilization systems. The growing global demand for
food production, coupled with increasing
environmental degradation caused by excessive
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chemical fertilizer use, underscores the urgent need for
innovative solutions. Nano biofertilizers offer a
scientifically advanced approach that enhances
nutrient use efficiency while maintaining soil health
and ecological balance.

Evidence from contemporary research demonstrates
that nano biofertilizers improve soil physical structure,
enhance chemical nutrient balance, and stimulate
biological activity within the rhizosphere. Their ability
to provide controlled and targeted nutrient release
significantly reduces nutrient losses through leaching,
volatilization, and fixation. Simultaneously, nano-
encapsulation  techniques  protect
microorganisms, improving survival, colonization
efficiency, and functional longevity in the soil
environment (Raliya et al., 2017; Kah et al., 2018).

beneficial

From an agronomic perspective, nano biofertilizers
enhance root development, chlorophyll synthesis,
photosynthetic efficiency, and stress tolerance. These
physiological improvements translate into increased
biomass accumulation, improved yield attributes, and
enhanced overall crop productivity (Singh et al.,
2020). Additionally, their role in improving nutrient
cycling and enzyme activity supports long-term soil
fertility restoration. Environmental benefits are
equally significant. By reducing dependency on
synthetic fertilizers, nano biofertilizers contribute to
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lower  greenhouse gas emissions, reduced
eutrophication risk, and improved groundwater quality
(Dimkpa & Bindraban, 2018). Their compatibility
with climate-smart agricultural practices further
strengthens  their sustainable

intensification strategies.

relevance  in

Despite these advantages, challenges remain. High
production costs, limited large scale field validation,
regulatory uncertainties, and concerns regarding
nanoparticle accumulation in soil ecosystems require
systematic  investigation. Comprehensive  risk
assessment studies focusing on long-term ecological
and human health impacts are essential to ensure safe
commercialization. Future research should prioritize
the development of biodegradable and green
synthesized nanocarriers, cost effective production
methods, and integration with precision agriculture
technologies. Multi location field trials across diverse
agro climatic conditions are necessary to validate
consistency and scalability. Collaborative efforts
among researchers, policymakers, and industry
stakeholders will be critical in establishing
standardized regulatory frameworks and promoting
responsible adoption.

In conclusion, nano biofertilizers hold immense
potential to revolutionize nutrient management by
combining efficiency, sustainability, and
environmental safety. With continued scientific
advancement and responsible implementation, they
can serve as a cornerstone technology for achieving
global food security while preserving soil health for
future generations.
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