website: https://ijwos.com
Volume 3 Issue 2, Feb 2026

International Journal of Web of Multidisciplinary Studies

(Peer-Reviewed, Open Access, Fully Refereed International Journal ) JWGES
E-ISSN : 3049-2424 “hismmom. -

DOLI: https://doi.org/10.71366/ijwos

Phyto-Nanotechnology: Engineering the Future of Precision Agriculture and

Environmental Remediation

Lipika Mehar!
" Guest Lecturer, Department of Botany.

Article Info

Abstract:

Article History:

Published:22 Feb 2026

Publication Issue:
Volume 3, Issue 2
February-2026

Page Number:

The intersection of nanotechnology and plant biology—phyto-nanotechnology—has
emerged as a transformative discipline in 2024-2026. This paper explores the "green
synthesis" of metallic nanoparticles (Ag, Au, ZnO) using plant extracts as reducing
and stabilizing agents, emphasizing the biochemical pathways involved. We analyze
the dual role of nanomaterials: first, as "smart" delivery systems for fertilizers and
pesticides (nano-encapsulation) to minimize environmental leaching; and second, as
agents for phytoremediation, where nanoparticles enhance the sequestration of heavy
metals from contaminated soils. This expansion delves into the "Nano-Bio Interface,"
examining how nanoparticle surface charges influence cellular uptake via endocytosis

371-376 and the subsequent impact on the plant's antioxidant defense systems. The paper
. further discusses the physiological impact of carbon nanotubes and quantum dots on
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1. Introduction

Global agriculture faces the dual challenge of increasing food production while reducing the environmental
footprint of chemical inputs. Traditional fertilization methods are notoriously inefficient, with up to 70% of
applied nitrogen and phosphorus lost to leaching or volatilization. Phyto-nanotechnology offers a solution
through the design of materials at the scale of 1 to 100 nanometers, which exhibit unique physicochemical
properties due to their high surface-area-to-volume ratio (Ovecka et al., 2024).

The integration of nanotechnology into botany represents a paradigm shift from broad-spectrum chemical
application to precision molecular management. By manipulating matter at the atomic level, we can bypass
traditional physiological barriers in plants, such as the waxy cuticle and the selectively permeable cell wall. This
paper provides a detailed examination of how nanotechnology is being integrated into botanical research, moving
from laboratory-scale green synthesis to field-scale applications in "Smart Farming."

2. Methodology: Synthesis and Characterization

The methodology of phyto-nanotechnology involves a "bottom-up" approach to material synthesis, followed by
high-resolution characterization and plant-interaction studies.
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Green Synthesis Protocols

1. Extract Preparation: Fresh plant tissues (e.g., Azadirachta indica leaves) are boiled in deionized water
at 60°C for 20 minutes to extract secondary metabolites.

2. Titration and Reduction: The extract is added drop-wise to a metal salt solution (e.g., 1mM
AgNO 3Zn(CH_3C0O0)2). The reaction is monitored via a color change (e.g., colorless to reddish-brown
for Silver).

3. Purification: Nanoparticles are isolated through high-speed centrifugation (15,000 rpm) and washed
repeatedly with ethanol to remove unbound biomolecules.

Physicochemical Characterization

1. UV-Vis Spectroscopy: Used to confirm the formation of nanoparticles by detecting the Surface Plasmon
Resonance (SPR) peak.

2. DLS (Dynamic Light Scattering): Measures the hydrodynamic size and Zeta Potential (surface charge)
of the particles.

3. TEM/SEM (Electron Microscopy): Used to determine the exact morphology (spherical, rod-like, or
triangular) and size distribution of the particles (Cai et al., 2023).

Plant Interaction and Physiological Assays

1. Foliar/Root Treatment: Plants are grown in hydroponic systems or standardized soil and treated with
varying concentrations of NPs (10-500 mg/L).

2. Confocal Microscopy: Nanoparticles tagged with fluorescent dyes (Quantum Dots) are visualized within
the plant tissues to track translocation from roots to shoots.

3. Enzymatic Activity Assays: Spectrophotometric measurement of SOD, CAT, and Peroxidase (POX)
activity to quantify the antioxidant response to nanoparticle exposure.

Green Synthesis of Nanoparticles: The Botanical Laboratory

The use of plant extracts (leaf, root, and fruit) for nanoparticle synthesis has superseded traditional chemical and
physical methods due to its cost-effectiveness and eco-friendly nature.

Biochemical Reducing Agents and Metabolic Pathways

Plant secondary metabolites, particularly terpenoids, polyphenols, and flavonoids, act as powerful reducing
agents. Recent research by Cai et al. (2023) has shown that the hydroxyl groups in these compounds facilitate the
reduction of metal ions (e.g., Ag to $Ag"{0}). The specific mechanism involves the tautomerization of
polyphenols into their ortho-quinone form, releasing electrons that drive the metallic reduction.

Stabilization, Capping, and Biocompatibility

Once reduced, the nanoparticles must be stabilized to prevent agglomeration. Proteins and carbohydrates present
in the plant extract act as "capping agents," providing a biological coating. This "bio-corona" is essential for

IJWOS | Volume 3 Issue 2, February 2026 | https://ijjwos.com 372



International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

biocompatibility; it ensures that when nanoparticles are introduced back into the plant, they are not recognized
as foreign threats, thereby avoiding the immediate activation of the hypersensitive response (HR) (Ovecka et al.,
2024).

The Nano-Bio Interface: Cellular Uptake and Transport
Understanding how nanoparticles enter plant cells is critical for effective delivery.
Entry Mechanisms: Apoplastic vs. Symplastic

Nanoparticles can enter the plant body through several routes. Foliar application relies on entry through stomatal
openings or via the hydathodes. Root-level entry involves the movement through the apoplast (cell wall spaces)
until reaching the Casparian strip. At this barrier, nanoparticles must transition to the symplastic route (through
the cytoplasm) to enter the vascular system (Lee et al., 2025).

4Endocytosis and Pore-Mediated Entry

Once at the cellular level, the size and surface charge of the nanoparticle dictate its entry. Small particles (<20
nm) may pass through cell wall pores directly. Larger particles often utilize clathrin-mediated endocytosis. Recent
studies have demonstrated that surface-functionalizing nanoparticles with specific peptides can "trick" the plant
cell into internalizing them more rapidly (Lee et al., 2025).

Nano-Fertilizers and Smart Delivery Systems
Controlled Release and Triggered Mechanisms

Nano-fertilizers are designed to release nutrients only in response to specific environmental triggers. For instance,
mesoporous silica nanoparticles can be loaded with urea and capped with a pH-sensitive polymer. When soil
acidity changes—often a signal of nutrient depletion—the cap dissolves, releasing the urea directly to the root
surface (Miiller et al., 2024).

Nano-Pesticides and Targeted Delivery

By encapsulating pesticides in biodegradable polymeric nanoparticles (like chitosan), researchers have achieved
targeted delivery. This prevents the active ingredient from being degraded by UV light or washed away by rain,
significantly reducing the required dosage and minimizing the toxic impact on non-target organisms like
honeybees (Gupta et al., 2025).

Nanomaterials in Photosynthetic Enhancement
A revolutionary trend in 2025 is the use of "bionic" plants.
Carbon Nanotubes (CNTs) as Light Harvesters

CNTs integrated into the chloroplasts act as supplementary light-harvesting antennas. They absorb light in the
near-infrared spectrum, which plants normally cannot utilize, and transfer that energy to the photosynthetic
reaction center. This has been shown to increase photosynthetic activity by up to 30% in spinach and Arabidopsis
models (Ermakova et al., 2024).

Quantum Dots as Internal Sensors
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Graphene quantum dots are being used as real-time sensors within the plant vascular system. They can detect the
early onset of drought or pathogen attack by changing their fluorescence properties. This "nanobionic" sensing
allows for automated irrigation systems that respond to the plant's internal state rather than just soil moisture
levels (Smith & Johnson, 2026).

3. Enhanced Phytoremediation and Soil Health

Heavy metal contamination in soil is a persistent threat to food safety. Nanoparticles can act as catalysts to
improve the efficiency of hyperaccumulator plants.

1. Iron Oxide Nanoparticles: These have been used to immobilize arsenic in the soil, preventing its uptake
into the edible parts of rice (Zhang et al., 2025).

2. ZnO Nanoparticles: In low concentrations, ZnO can stimulate the production of phytochelatins, which
help the plant sequester lead and cadmium in the vacuole, effectively cleaning the soil for future crops
(Kumar et al., 2023).

Impact on Soil Microbiome

A critical expansion in 2026 research is the effect of nanomaterials on the "Mycorrhizosphere." While high doses
of metallic nanoparticles can be antimicrobial, low doses of "smart" nanoparticles have been shown to stimulate
the growth of plant-growth-promoting rhizobacteria (PGPR), creating a synergistic effect that boosts plant
immunity (Liu et al., 2025).

Challenges and Environmental Safety

The "nano-bio interface" is still not fully understood. There is a critical need for long-term studies on the
persistence of nanomaterials in the soil.

Nanotoxicity and Oxidative Stress

At high concentrations, nanoparticles can induce the overproduction of Reactive Oxygen Species (ROS), leading
to lipid peroxidation and DNA damage. Plants respond by upregulating antioxidant enzymes like Superoxide
Sodmutase (SOD) and Catalase (CAT), but there is a "threshold of toxicity" that varies by species and particle
type (Miller et al., 2024).

Regulatory and Ethical Frameworks

The regulatory framework for nano-agriculture is still in its infancy. There are concerns regarding the
bioaccumulation of nanoparticles in the human liver and kidneys if they remain present in the edible tissues of
crops. Standardized "Nano-Safety Assessments" are now being proposed to ensure that any nanomaterial used in
the field is fully biodegradable or immobile (Purnhagen & Wesseler, 2024).

4. Conclusion

Phyto-nanotechnology is set to redefine the boundaries of plant science. By bridging the gap between material
science and botany, we can develop a more resilient, efficient, and sustainable agricultural system. However, the
path forward must be guided by the "Safety-by-Design" principle, ensuring that our quest for productivity does
not compromise the long-term health of our ecosystems.
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