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Graphical Abstract

Nanotechnology has become the revolutionary movement in terms of promoting the global agenda of sustainable
development to make innovations on the frontiers of materials science, environmental engineering, biotechnology and
renewable energy. The tunable physicochemical properties, the high surface reactivity, and multifunctionality of
nanoparticles are central to the development of sustainable solutions to the complex problems of resource scarcity, energy
requirement, environmental degradation and human health. This review is a comprehensive study of multidisciplinary uses
of nanoparticles in ensuring sustainability in various fields such as clean energy production, pollution mitigation, precision
agriculture, green manufacturing, and biomedical uses. It is devoted to the latest successes of environmentally friendly
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production routes, in particular, bioinspired and waste-based nanoparticles, in accordance with the principles of green
chemistry and the idea of a circular economy. The review also addresses the role of the nanoparticle-enabled technologies
towards the United Nations of the Sustainable Development Goals (SDGSs) by increasing energy efficiency, environmental
stability, and sustainable production. Using materials innovation and sustainability science, this paper provides valuable
critical reflections on how nanotechnology can make the transition to a more fair, low-carbon, resource-saving future. The
discussion has pointed out the necessity of having a cross-disciplinary approach and regulatory vision to ensure a safe and

ethical use of nanomaterials in sustainable systems.

Keywords: Nanoparticles, Sustainable Development, Green Nanotechnology, Circular Economy, Renewable Energy,

Environmental Remediation, Multidisciplinary Innovation.
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1. INTRODUCTION

The concept of sustainable development is what
modern scientific and technological rhetoric revolves
around, and that is attributable to the fact that there is an
acute need to find the balance between economic
development, environmental conditions and the welfare
of the society (Hariram et al., 2023). As the world
population continues to rise and the natural resources
continue to shrink, the fact is that sustainability requires
a new generation of thinking that does not entail the use
of traditional technologies. Nanotechnology is the
dominant technology that may change how materials and
processes will be interacting with the environment
(Mitchell et al., 2021). Nanoparticles offer innovative
opportunities to discuss the reactivity, selectivity, and
functionality characteristics of atoms and molecules on
an atomic and molecular scale that is essential to create
sustainable systems in a world that is increasingly
resource-limited (Iroegbu et al., 2025).

Nanoparticles are particles whose dimensional
dimension is at least 100 nanometers and whose optical,
electrical, magnetic and catalytic characteristics also
vary significantly as compared to their bulk counterparts.
These orders of nanoscale make them part of the
development of effective, multifunctional, and non-toxic
technologies (Baxter et al., 2009). Nanotechnology is
multi-disciplinary, spanning through chemistry, physics,
biology, materials science and environmental
engineering, and enables the holistic approach to difficult
problems of sustainability. Nanoparticles are also
bringing the innovations that are directly in line with the
sustainable development goals in water purification and
in the generation of renewable energy (Khan et al.,
2025).

The energy sector has witnessed a revolution of
nanoparticles which has improved the performance and
efficiency of clean energy systems. They make solar
cells more efficient through optimization of maximum
light absorption, allow the generation of hydrogen
through photocatalytic splitting of water and make future
storage devices more efficient in terms of battery
stability and energy density (Zeng et al., 2020).
Nanostructured catalyst and transition metal-based and
carbon nanocomposite catalysts in particular are the key
to the reduced energy consumption and emissions of the
industrial chemical reaction. All these processes aid in
the global decarbonization and energy security.

Environmental sustainability has also been
brought about by the use of nanoparticles. Quantum
engineered nanomaterials of titanium dioxide, zinc
oxide, and iron oxide have been widely utilized to
guarantee the elimination of contaminated water and soil
(Mukhopadhyay et al., 2022). They have the ability to
biodegrade their stubborn organic waste, adsorb heavy
metals and neutralize pathogens which offer sustainable
alternatives to the conventional treatment procedures.
Moreover, nanostructured membranes have been
created, which allows filtering microplastics and
extracting valuable resources on wastewater, and it is
aligned with environmental protection and resource
circularity. The nanoparticles are also utilized in the
agricultural sector, and they have redefined the aspects
of crop productivity and resource efficiency (Rana et al.,
2024). The nano-fertilizers and nano-pesticides allow
control over the release of nutrients and agrochemicals to
the environment with reduced environmental runoff and
enhanced efficiency of the plant uptake. Nanosensors
assist in the real-time monitoring of the health of soils,
the level of moisture, and the stress experienced by the
plants and special farming practice that will avoid
wasting of water and the necessity of using chemical
inputs. The added advantage of these applications is that
they also lead to an increase in yield and long-term
ecological balance and food security (Fan et al., 2012).

The bio-medical sphere is another area that can
be maintained by nanoparticles to ensure healthy
consequences. Nanocarriers enable targeted therapy
delivery of the drugs and control their discharge, reduce
the dosage required and reduce the side effects and
augment the therapeutic impact. Metallic and polymeric
nanoparticles have found applications in diagnostics,
antimicrobial surfaces, and regenerative medicine
among others which promote better healthcare systems
(Srinivasan et al., 2024). Notably, such developments are
currently becoming more informed by the principles of
green chemistry and biosafety, and make innovation not
an issue that affects environmental integrity. However,
with an immense potential of nanotechnology,
sustainability in nanoparticle manufacturing and
application is one of the central issues (Rodrigues et al.,
2017). The conventional synthesis processes use toxic
solvents, consume a lot of energy and produce dangerous
by-products. Researchers are in turn leading green
synthesis pathways based on biological templates like
plants, algae, fungi and bacteria. Such green technology
is based on the use of natural reducing agents and
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biopolymers to generate stable nanoparticles with
minimum impact on the environment. Also, the concept
of valorizing the agricultural residues and industrial
waste as the feedstock explains how nanotechnology can
be used to build a circular economy by transforming
waste streams into valuable nanomaterials (Olaniyan et
al., 2025).

The fact that nanotechnology is aligned with the
United Nations Sustainable Development Goals (SDGs)
highlights its relevance to the whole world (Aithal et al.,
2021). Some of the direct goals addressed by
nanoparticles include Sustainable Development Goal 7,
Affordable and clean energy, Sustainable Development
Goal 6, clean water and sanitation, Sustainable
Development Goal 9, industry innovation, Sustainable
Development Goal 12, Responsible consumption and
production, and Sustainable Development Goal 13,
climate action. Nevertheless, such a fast rate of
nanomaterial development also requires an equal
emphasis on the safety evaluation, regulatory standards,
and ethics to promote a justifiable and ethical
implementation (Gottardo et al., 2021). The purpose of
this review is to give a multidisciplinary and
comprehensive insight into the use of nanoparticles in
promoting sustainability in the energy, environmental,
agricultural, and healthcare, and industrial sectors. It
covers the intersection of green nanotechnology and the
principles of the circular economy and discusses recent
developments and issues relating to the implementation
of laboratory-scale innovation into the sustainability of
global outcomes. This work is ultimately aimed at
demonstrating how nanoparticles are the keys to a
sustainable future and how cross-sectoral cooperation is
needed to achieve the full potential of nanoparticles on
humanity and the planet.

2. Nanoparticles as Catalysts of Circular Economy
and Green Industrial Transformation

The global transition to the round and low-
carbon economy demands radical technologies that will
assist in decoupling the process of industrialization and
nature destruction. The nanoparticles because of their
typical surface reactivity, tailorable physicochemical
properties and their multifunctionality have become the
important catalysts of this revolution. Their ability to
encourage resource efficiency, achieve sustainable
production, and recycle waste streams makes them the
leaders in addressing the green industrial innovation
(Chaturvedi et al., 2023).

2.1. Circularity and Resource Circularity of
Materials

The nanoparticles have been rediscovering the
material value chains in terms of converting industrial
and agricultural wastes into high-performance materials.
Indicatively, nano-enabled catalysts and adsorbents
prepared using lignocellulosic or metallurgical waste
have been deemed very handy in the degradation of
pollutants, recovery of metals and conversion of carbon.

They are more precise and reusable and are important
features of closed-loop manufacturing due to the high
degree of nanostructure and surface chemistry fine
control (Park et al., 2023). Moreover, the low-energy
reaction paths can also be achieved with the use of
nanostructured catalysts that decreases the use of the
high temperature reactions or the solvent-intensive
reactions that traditionally favor the emissions and waste
generation. These novel innovations may be observed in
the case of nanotechnology in harmonizing the principles
of the circular design and industrial productivity.

2.2. Green Pathways to Synthesis and Waste
Valorization

Production of environmentally benign synthesis
routes is a paradigm shift of nanomaterials. Enzyme-
assisted, bioinspired and plant-mediated processes are
also replacing traditional chemical reduction processes,
which reduce usage of dangerous reagents and solvents.
These are green synthetic platforms that utilize natural
reducing and capping agents including phytochemicals,
proteins and microbial metabolites to synthesize
nanoparticles in mild conditions. It is also of importance
that waste is glorified and utilized as a raw material and
an ingredient: agricultural by-products, seafood waste,
and electronic waste can now be used to produce metal,
metal oxide, and carbon-based nanomaterials (Krishnani
et al., 2022). Besides minimizing the waste burden, this
dual-purpose strategy also produces catalysts and
functional nanostructures useful in environmental
remediation and energy conversion, and strengthens the
sustainability of the molecule-level circularity.

2.3. Circular Circuits Nanotechnology in Supply
Chains and Circular Manufacturing

The incorporation of nanoparticles into
industrial materials including polymers, coatings and
composites has resulted in the achievement of
unprecedented increase in mechanical strengths,
resistance to corrosion and thermal stability. These
upgrades directly lead to product durability; material use
savings and recycling durability. As an example, nano-
enabled biopolymers enhance the durability of the
packaging, but at the same time, they are compostable or
recyclable, contributing to sustainable logistics and
supply chain processes. Moreover, self-healing and
intelligent nanocomposites with sensing nanoparticles
provide real-time structure integrity monitoring to
provide predictive maintenance and minimize the early
production of waste (Vignesh et al., 2025). Such circular
nanotechnologies in manufacturing ecosystems support
the transformation of linear producestandard production
networks to restorative, data-driven production
networks.

2.4. Life Cycle Assessment and Environment Impact
Metrics

Nanomaterials need to be quantified in terms of
sustainability performance which involves elaborate life
cycle assessment (LCA) models. The state-of-the-art
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LCAs are no longer just considering the energy and
water use, but also the toxicity of nanoparticles, its
recovery, and post-use reproducibility. Compared to
chemically synthesized nanoparticles, green-synthesized
nanoparticles have been identified to have a lower carbon
footprint and ecotoxicity (Patifio-Ruiz et al., 2021).
Nevertheless, there are still some difficulties in the area
of data transparency and harmonization of methods,
especially in emerging hybrid nanostructures. In
response to this, researchers are coming up with
composite sustainability indices that combine material
circularity, environmental burden, and socioeconomic
value. These measures are critical in determining the
responsible use of nanotechnology in the circular
industrial systems.

2.5. Circular Nanotechnology Governance, Ethics
and Policy Roadmap

Since nanotechnology revolutionizes industrial
change rapidly, there is a need to have strong governance

systems to maintain safety, transparency, and ethical
responsibility. The policymakers are also focusing more
on risk assessment models that consider the life cycles of
nanoparticles such as the stages of synthesis and use to
disposal and recovery. The alignment of nanomaterial
innovation with the United Nations Sustainable
Development Goals (SDGs), in particular, SDG 9
(Industry, Innovation and Infrastructure), SDG 12
(Responsible Consumption and Production), and SDG
13 (Climate Action), provides the green industrial
policies with a consistent policy guide (Shafik et al.,
2025). The new models of governance must encourage
open data and standards of circular design and
collaborative interdisciplinary efforts among scientists,
industries, and regulators. This congruency will facilitate
the shift to the principal approach fragmentation to the
nanotechnology implementation to the worldwide
aligned circular economy with sustainable nanoscale
innovations.

Table 1: Key mechanisms, applications, and sustainability impacts of nanoparticles in advancing circular
economy and green industrial transformation, highlighting their roles across innovation, manufacturing,
assessment, and governance domains. Nanoparticles act as pivotal enablers of resource efficiency, waste
within next-generation industrial ecosystems

valorization, and policy-driven sustainabilit

Subsection / Nanoparticle Mechanism / Key Applications | Sustainability | Challenges/ Future
Focus Area Type / System Function / Industrial Impact / Directions
Examples Benefits
2.1 Sustainable Metal oxides Enable high- Circular Up to 30-40% | Need for
Material (TiO,, Zn0), performance, construction reduction in standardized end-
Innovation and | carbon-based lightweight, and | materials, raw material of-life recovery
Resource nanomaterials durable recyclable use; extended | methods; ensuring
Circularity (graphene, materials polymer— product life nanomaterial
CNTSs), hybrid through nanofiller cycles; stability during
nanocomposites | nanostructuring | composites, improved recycling; design-
and surface nanocoatings for | recyclability for-disassembly
engineering; corrosion and durability | principles
promote resistance in
recyclability and | renewable
material infrastructure
recovery
2.2 Green Biogenic Facilitate eco- Photocatalytic 60-80% Scale-up limitations
Synthesis nanoparticles friendly degradation of energy savings | of biogenic routes;
Pathways and (Ag, Au, synthesis using industrial VS. reproducibility
Waste Fe;0,), biological or effluents, conventional issues; need for
Valorization photocatalytic waste-derived biomass-to-fuel synthesis; toxicity and
nanoparticles precursors; conversion, CO, reduced biodegradability
(TiO,, Zn0O), enable catalytic | reduction to fuels | chemical validation
biochar- conversion of or chemicals waste and
supported waste into high- toxic
nanocatalysts value products emissions;
promotes
carbon-neutral
processing
2.3 Magnetic Enable closed- Catalytic Enhanced Energy costs for
Nanotechnology | nanoparticles, loop production | depolymerization | resource nanoparticle
in Circular noble metal via catalytic of plastics, e- efficiency regeneration;
Manufacturing | nanocatalysts recycling, smart | waste metal (>50% raw industrial-scale
and Supply (Pt, Pd), sorting, and recovery, additive | material integration barriers;
Chains recovery of manufacturing recovery); regulatory approval
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Subsection / Nanoparticle Mechanism / Key Applications | Sustainability | Challenges/ Future
Focus Area Type / System Function / Industrial Impact / Directions
Examples Benefits
conductive critical with recyclable reduction of for circular
nanocomposites | materials; nanocomposites hazardous by- | nanomanufacturing
improve process products;
efficiency improved
process
automation
2.4 Life Cycle Quantum dots, Used as tracers | LCA of Quantified Inconsistent LCA
Assessment mesoporous and models in nanocatalysts in GHG emission | databases for
(LCA) and silica LCA studiesto | hydrogen reduction (10— | nanomaterials; lack
Environmental | nanoparticles, evaluate production, 25% lower per | of standardized eco-
Impact Metrics | nanoclays environmental comparative functional toxicity parameters;
footprints, footprint of nano- | unit); higher dynamic modeling
durability, and enabled vs. lifecycle for nanolifecycle
energy inputs of | conventional efficiency and | impacts
nanoproducts materials recyclability
metrics
2.5 Governance, | Engineered Promote EU Circular Enhanced Need for
Ethics, and nanomaterials sustainable Economy Action | stakeholder harmonized policy
Policy under regulatory | governance Plan, ISO/TR transparency; | frameworks; limited
Roadmaps for frameworks through green- 22293:2021 for alignment public risk
Circular (REACH, by-design nanomaterial with UN perception data;
Nanotechnology | OECD test principles, life- | sustainability SDGs (9, 12, integration of Al-
guidelines) cycle policy assessment 13); driven governance
integration, and development for traceability and
ethical of safe-by- monitoring
production design
frameworks nanomaterials

3. Nano-Enabled Clean Energy Systems for Carbon-
Neutral Futures

The ever-growing pressing need to decarbonize
the world has enhanced the quest of innovative
technologies that would close the divide between the
clean creation, storage, and use of energy. Application
Nanotechnology, with its fine manipulation of matter in
the atomic and molecular scale, has disruptive potential
to construct a carbon-neutral energy system.
Nanoparticles are redefining the performance limits of
renewable energy systems, catalysis and storage
technologies that are needed to support a just and
sustainable energy transition by engineering materials

with  custom surface, optical and electronic
characteristics (Baxter et al., 2009).
3.1. Nanostructured Materials in Harvesting

Renewable Energy

Nanostructured materials are now the platform
of high-performance renewable energy conversion
especially in solar processes. Light absorption and carrier
separation Photonic and plasmonic nanoparticles:
aluminum nanostructures, gold nanostructures and silver
nanostructures Photonic nanoparticles interact with
localized surface plasmon resonance to optimize the
photonic and carrier separation conversion of solar
energy to electricity or chemical fuels. These
mechanisms make it possible to use more spectrum and

become more stable with changing illumination (Huang
etal., 2013).

At the same time, quantum dots and perovskite
nanostructures are the new materials forecasted to be
used in next-generation photovoltaics. Quantum dots can
be tuned by quantum confinement to multi-junction
architectures, which can surpass traditional efficiency
limits (Sharma et al., 2025). Power conversion
efficiencies of perovskite nanomaterials using their high
carrier mobility and tolerance to defects have been truly
impressive, and compared to silicon-based cells, yet
remain compatible with flexible and lightweight
substrates. Plasmonic nanostructures coated with layers
of perovskite provide more opportunities to control
photons and extract charges, which provide scalable
routes to affordable, high-efficiency solar energy
systems.

3.2. Sustainable Fuels and Hydrogen Economy
Nanocatalysts

Carbon-neutral fuel production and hydrogen
economy trends are closely connected with the
development of nanoscale catalysis. Electrochemical
water splitting, CO 2 reduction, and solar-driven fuel
generation breakthroughs have been based on metal and
carbon-based nanocatalysts. The single-atom catalysts
that have shown to be the most active and selective
include transition metal dichalcogenides, carbon
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nanostructures with nitrogen doping, and carbon
nanostructures, minimizing waste of energy and
avoiding the use of noble metals (Guo et al., 2019).

Nano-engineered catalysts are used in the
electrolysis of water to improve the hydrogen evolution
and oxygen evolution reactions in terms of the
optimization of surface-active sites as well as electron
transport routes. To reduce CO 2, nanostructured
catalysts including copper-based alloys and atomically
dispersed metals make it possible to selectively convert
CO 2 into hydrocarbons and alcohols, which effectively
links carbon recycling with renewable -electricity.
Additionally, nanomaterials are also redefining the
efficiency of the fuel cell by developing strong
electrocatalysts that are resistant to poisoning and
degradation (Agrawal et al., 2025). Nanoscale catalysts
with the ability to cleave the strong N 0 N bond under
ambient conditions are promising the potential of a
sustainable fertilizer and energy storage system in a
circular nitrogen economy and is being developed in the
emerging area of electrochemical ammonia synthesis.

3.3. Storage of Energy and Increase in Conversion
Efficiency

The key of the renewable integration and grid
stability is the energy storage. Batteries and
supercapacitors have been transformed as nanostructured
electrodes and electrolytes enhance diffusion rates of
ions, surface areas and structural stability of the product.
Nanoscale engineering of cathode- electrolyte interfaces
in lithium- ion and solid-state batteries reduces the
development of dendrites and increases cycle life. In the
same way, carbon nanotube and graphene-based
electrodes are extremely conductive and flexible to high-
power and lightweight energy devices (Wen et al., 2016).

The hybrid nanoparticle structures which
integrate metal oxides, sulfides and conductive carbon
allow synergistic transportation of charges and structural
strength to produce durable and versatile energy
structures. The nanostructures form the foundation to the
creation of flexible and wearable electronics, portable
storage systems, and the next generation supercapacitor
that has fast charge discharge properties. The integration
of nanotechnology with Al and material design using
data is now gaining momentum to uncover optimized
nano-electrochemical systems that can be scaled to be
used in decentralized and off-grid renewable
infrastructures (Malhotra et al., 2017).

3.4. Scalability, Environmental Trade-offs and
Energy Lifecycle

Although nanotechnology is a way of making
things more energy efficient, the environmental effects
of nanotechnology require intensive life cycle
assessment (LCA) in order to achieve true sustainability.
LCA:s offer vital information on the material, energy, and
emission footprint of nanoparticle synthesis, operation
and end of life treatment. Research indicates that in spite

of nano-enabled devices usually lowering operational
emission, synthesis at the upstream can be resource-
intensive or toxic (precursors). Thus, low-impact,
recyclable, and bio-derived nanomaterials should be
developed to balance the performance with
environmental sustainability (Gheisizadeh et al., 2025).

New LCA models include nanoparticle
recovery and reuse measures, including the focus on a
circular economy. Magnetic separation and solvent-free
synthesis are techniques that can be used to reclaim
functional nanostructures that can close loops in material
manufacturing of clean energy. The scalability of nano
enabled energy systems in the future will not only be
associated with improved efficiency but also the ability
to reduce wastes, reuse important materials and measure
holistic sustainability indices throughout the technology
lifecycle (Islam et al., 2025).

3.5. Sustainable Energy Transitions and Global
Policy Implication

Applications of nanotechnology in the energy
transition to clean energy are directly connected with the
United Nations Sustainable Development Goals
especially SDG 7 (Affordable and Clean Energy) and
SDG 13 (Climate Action). Nano-enabled technologies
can facilitate the access of clean energy globally, reduce
the emission of greenhouse gases, and facilitate efficient
energy storage and carbon-neutral fuel production
through enabling the decentralization of power
generation. Nevertheless, they should be used fairly and
ethically without being controlled carelessly (Shukla et
al., 2024).

The formulation of nano-energy infrastructures
should be based on the global energy policies that focus
on resource availability, transparency of supply chains,
and environmental justice. The international cooperation
is needed to coordinate safety standards, to deal with
nanomaterial waste and to make sure that the emerging
economies reap the benefits of technological diffusion,
but not to pay an undue share of environmental liabilities.
An effective and sustainable policy framework that
combines scientific innovation, social justice, and green
financing schemes will be a priority in scaling
nanotechnology in order to have a fair and inclusive
carbon-neutral future (Chen et al., 2024).

4. Environmental Nanotechnology for Pollution
Control and Ecosystem Restoration

High-efficiency conversion of renewable
energy especially in solar technologies has been
established based on nanostructured materials. Photonic
and plasmonic nanoparticles photonic nanoparticles and
Plasmonic These systems allow ensuring a higher
spectral utilisation and enhanced stability in changing
light conditions (Ramanna et al., 2017).
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4.1. Nanoparticles in Air, Water, and Soil
Remediation

At the same time quantum dots and perovskite
nanostructures will be the new materials of photovoltaics
of the next generation. Multi-junction architectures This
enables quantum confinement of bandgaps required to
scale to very high efficiency limits, using quantum dots.
Due to their high carrier mobility and defect tolerance,
perovskite nanomaterials have demonstrated impressive
power conversion efficiencies, which equal silicon-
based cells but can also be used on flexible and
lightweight substrates (Khan et al., 2024). The
combination of plasmonic nanostructures and perovskite
layers provides a higher management of photons and
charge extraction, and provide prospects of scaling to
cost-efficient, high-efficiency solar energy systems.

4.2. Sustainable Fuels and Hydrogen Economy
Nanocatalysts

Hydrogen economy and synthesis of carbon-
neutral fuels are closely connected with the development
of nanoscale catalysis. Metal and carbon nanocatalysts
have played a key role in the breakthrough of
electrochemical water splitting, CO 2 reduction, and
solar-driven fuel generation. Single-atom catalysts such
as transition metal dichalcogenides and nitrogen-doped
carbon nanostructures have been shown to be even better
catalysts, minimizing energy loss and avoiding
dependence on noble metals (Shi et al., 2020).

Nano-engineered catalysts are used in water
electrolysis, where they are found to be more effective in
improving the hydrogen evolution and oxygen evolution
reaction by optimising the surface active sites and
electron transport pathways. Nanostructured catalysts,
including copper-based alloys and atomically dispersed
metals can be used to selectively transform CO 2 into
hydrocarbons and alcohols to effectively combine carbon
recycling with renewable electricity. Moreover, fuel cell
efficiency is redefined by nanomaterials that develop
resilient electrocatalysts that are not easily poisoned and
degraded. The nanoscale catalysts that have been
developed as of late to break the strong N=N bond under
ambient conditions are progressing the possibility of
sustainable fertilizer and energy storage systems in a
circular nitrogen economy in the newly emerging area of
electrochemical ammonia synthesis (Nazemi et al.,
2021).

4.3. Storage of Energy and Increased Conversion
Efficiency

Storage of energy is still the key towards
integration and grid stability of renewable.
Nanostructured electrodes and electrolies have
transformed batteries and supercapacitors in terms of
enhancement in the rate of ion diffusion, development of
surfaces, and structural stability. Nanoscale engineering
of cathode electrolyte interfaces in lithium-ion and solid-
state batteries lowers the dendrite growth, prolongs the
life cycle. Likewise, electrodes made of carbon nanotube

and graphene have a high conductivity and flexibility to
be used in high-power lightweight energy management
(Wen et al., 2016).

Hybrid nanoparticle systems built on the
combination of metal oxides, sulfides and conductive
carbon allow the synergistic charge movement and
structural stability producing energy systems that are
durable and versatile. It is based on these nanostructures
that creation of flexible and wearable -electronics,
portable storage systems, and next-generation
supercapacitors with high charge—discharge rates is
possible. The combination of nanotechnology with
artificial intelligence and the design of high-quality
materials is now fast-tracking the discovery of optimized
nano-electrochemical systems that will be applied to
scalable implementation in decentralized and off-grid
renewable infrastructure (Wang et al., 2024).

4.4, Scalability, Environmental Trade-offs and
Energy Lifecycle

Although nanotechnology makes energy more
efficient, its environmental consequences require serious
life cycle analysis (LCA) that will guarantee real
sustainability. LCAs offer important information on the
material, energy, and emission footprint related to the
production of nanoparticle and its use and disposal.
Research indicates that even though nano-enabled
devices can lower the operational emissions, upstream
production can be based on resource-consuming
processes or toxic materials (Falinski et al., 2020).
Hence, there is a strong need to develop low impact,
recyclable, and bio-derived nanomaterials to create a
balance  between performance and ecological
responsibility.

New LCA models also include the recovery and
reuse of nanoparticles, with a focus on the principles of
the circular economy. It is possible to recover the
functional nanostructures through the techniques of
magnetic separation and solvent-free synthesis, and
therefore complete material loops in clean energy
production. The ability to reduce waste, reuse key
materials, and measure holistic sustainability indices in
the technology lifecycle will be used not only to scale-up
nano-enabled energy systems but also to ensure their
scalability in the future (Priyadarshini et al., 2024).

45. Sustainable Energy Changeover and
International Policy Consequences

The nanotechnology application in clean energy
transitions supports the United Nations Sustainable
Development Goals especially SDG 7 (Affordable and
Clean Energy) and SDG 13 (Climate Action). Nano-
enabled technologies will allow the world to generate
energy sustainably and reduce greenhouse emissions by
making centralized energy production decentralized,
facilitating efficient energy storage, and even producing
fuels that are carbon-neutral. Nevertheless, their fair and
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moral application should be under strict government
(Komalasari et al., 2024).

The availability of resources, level of
transparency in the supply chains of energy, and
environmental justice should also be factored in global
energy policies to build nano-energy infrastructures. The
international cooperation is necessary to work out safety

standards, control the waste of nanomaterials, and
guarantee that emerging economies get the technological
diffusion instead of disproportionate environmental
expenses. An investive policy framework that will
combine scientific innovation, social equity, and the
green financing mechanisms will be the core of scaling
nanotechnology to provide a fair and inclusive carbon-
neutral future (Kumar et al., 2024).

NANOTECHNOLOGY
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Fig 1: Overview of nanotechnology-driven pathways for pollution mitigation and sustainable applications.
Nanomaterials synthesized from eco-friendly precursors enable adsorption, catalysis, and filtration processes that
transform pollutants into cleaner air, water, and energy systems

5. Nanoparticles for Sustainable Agriculture and
Global Food Security

Nanotechnology and agriculture convergence is
a revolutionary border in the quest to achieve sustainable
food production and food security in the world.
Nanoparticles are transforming the performance and
stability of agroecosystems by providing accurate control
of nutrient delivery, pest control, and crop surveillance.
These nano-enabled solutions combat the most important
issues that soil degradation, resource inefficacy, post-
harvest wastes and environmental pollution, hence
establishing the basis of climate-resilient and sustainable
agricultural systems.

5.1. Smart Nano Technology to make Agriculture
resources efficient

The Smart agro-nanotechnologies combine the
small-scale materials in the farming input (fertilizers,
pesticides and soil conditioners) to maximize the use of
resources and mitigate environmental wastes. An
example of such technologies is nano-fertilizers that
allow the controlled release as well as delivery of
nutrients that are essential including nitrogen,
phosphorus and potassium to the site. Nutrient release
can be generated in sync with growth stages of plants by

surface  functionalization, and encapsulation in
biodegradable nanocarriers, which helps to minimize
leaching and volatilization.

Likewise, nano-pesticides that are based on
polymeric or lipid-based carriers increase bioavailability
and stability of active compounds, which provide long-
term protection against pests and decrease the dose of
chemicals and non-target toxicity. The nutrient delivery
with concurrent salinity, drought, or temperature
resistance against high-stress levels in plants is achieved
through the design of nanocarriers including silica,
chitosan, or carbon nanostructures (Khalid et al., 2022).
Such technologies are an example of nanoscale precision
agriculture, converting input-intensive  production
systems into low-impact, low-carbon, and circular
production systems that are able to maintain yield and
soil health.

5.2. Real-Time Agricultural Monitoring Nanosensors

The agricultural monitoring is undergoing a
revolution due to sensing platforms developed by
nanotechnology that will enable real-time, in situ
measurements of soil, plant, and environmental
parameters. Metal oxide, carbon nanotubes, graphene,

© 2025 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

569



Rabia Ashiq et al; Saudi J Eng Technol, Nov, 2025; 10(11): 562-575

and quantum dote nanosensors allow the detection of
nutrients, moisture content, pathogens and contaminants
in soil at very low concentrations. These nano-dependent
biosensors capitalize on fluctuations in electrical, optical
or electrochemical characteristics on interaction with
particular analytes and enable quick and accurate field
diagnostics.

Nanosensors ~ combined  with artificial
intelligence (Al), Internet of Things (loT), and remote
sensing technologies make the core of the precision
agriculture networks (Ashique et al., 2025). Artificial
intelligence based on data can be used to interpret sensor
outputs to inform real-time irrigation, fertilizer, and pest
control. Not only nanotechnology and digital agriculture
convergence boosts productivity, but also minimizes the
input waste and greenhouse gas emissions, which is
precisely what the agricultural practice should be
oriented to in order to achieve sustainability and
adaptability to climate change.

5.3. Synthesizing Greens and Biocompatibility in
Agri-Nanomaterials

The responsible use of nanotechnology in
agriculture will entail ensuring that its use will be
environmentally friendly and biologically compatible.
Nanomaterials of agricultural applications have their
sustainability profile being redefined, with the move to
biodegradable, plant-derived nanomaterials replacing
chemically synthesized nanoparticles. The
phytochemicals, microbial metabolites or enzyme
pathways are used as reducing and stabilizing agents in
green synthesis to generate nanoparticles with mild
conditions without toxic solvents or by-products (Ovais
et al., 2018).

Microbial and enzymatic synthesis pathways
also increase the ecological sustainability of these
nanomaterials because they can be produced in large
scale using renewable feedstocks. These biofabricated
nanoparticles are less prone to ecotoxic build-up by
virtue of the fact that they are more bio-compatible with
soil microbiota and plant tissues. Moreover, the
polysaccharide, protein, and lipid-derived biodegradable
nanocarriers also guarantee that agricultural practices do
not place any permanent materials in to the environment.
The constant advancement of green nanotechnological
production, therefore, reinforces the correspondence
between technology and agroecological purity (Solomon
et al., 2024).

5.4. Food Preservation Technologies and Post-
Harvest

The global food security is still facing a
significant threat in terms of post-harvest losses
especially in the developing world. Nanotechnology
presents new applications in the form of antimicrobial
coating, smart packaging and cold-chain stabilization.
Metallic and metal oxide nanoparticles like silver, zinc
oxide, and titanium dioxide have a broad-spectrum

antimicrobial effect on microbial contamination and
spoilage when they are included in food containing films
(Espitia et al., 2012). These coatings serve as a physical
and biochemical barrier, which prolongs the shelf life of
perishable products as well as preserving the freshness
and nutrition value of the goods.

Nanostructured polymers and composites are
also used to make the cold chain sustainable through
improved thermal insulation, gas control through
permeability, spoilage detection by sensors. As an
example, nanocomposite films with oxygen-sensitive
sensors can be used to give real-time feedback regarding
the quality of products during transportation and storage.
Additionally, the natural preservatives or antioxidants
can be encapsulated into nanocarriers and released
gradually, as opposed to using synthetic additives and
promoting clean-label preservation policies in food (EI
Alami El Hassani et al., 2025). All of this nano enabled
post-harvest solutions are solutions to the problems of
food safety and environmental sustainability along
international supply chains.

5.5. Nano-Agri Systems Socioeconomic and Ethical
Aspects

Effective adoption of nanotechnology in the
agricultural sector is not merely limited to the technical
innovation on which it is anchored but on fair
governance, popular support, and strong regulatory
supervision. There are issues of biosafety, ethical use,
and consumer perception which are complex and have to
be fought by policymakers and stakeholders. Clear risk
evaluation systems, based on life cycle analysis and
ecotoxicological research, are necessary in order to make
the use of nano-agricultural applications safe and
socially responsible (Singh et al., 2025).

Nano-agriculture, according to the
socioeconomic analyses, may be used to democratize the
process of innovation by improving productivity in the
smallholder farming systems provided access is
prioritized as well as affordability and capacity-building.
Augmented modernization of agriculture and inclusivity,
sustainable nanotechnologies might be accelerated to the
developing world through public-private engagements
and open innovation platforms. On a global scale, nano-
enabled agricultural systems can directly contribute to
the realization of multiple United Nations Sustainable
Development Goals: SDG 2 (Zero Hunger), by
enhancing crop yields and nutritional quality; SDG 3
(Good Health and Well-being), by minimizing the
exposure of human beings to chemicals through
pesticides; and SDG 12 (Responsible Consumption and
Production) because nano-enabled agriculture systems
can result in resource efficiency and waste reduction.
The ethical use of such technologies will make
nanotechnology either a source of sustainable food
equity or a techno-equity divide (Sovacool et al., 2022).
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6. Nanomedicine and Public Health Sustainability,
From Diagnostics to Green Therapeutics

Introduction of nanotechnology in medicine is a
new game changer in healthcare system of the world,
which is no longer focused on treating diseases but rather
on preventing, treating and sustaining diseases. It is
through the ability to deliver using nanotechnology in a
targeted fashion, to perform real-time diagnostics, and to
regulate the release of therapeutic molecules, that
nanomedicine provides a connection between molecular
innovation and planetary health goals. During the age of
climate-conscious healthcare, when the environmental
footprint of pharmaceuticals and medical waste is getting
more and more questioned, sustainable nanomedicine
presents opportunities to a more sustainable, safer, and
more equitable way of addressing citizens with their
health issues.

6.1. Nanoparticle Curation of Preventive and
Precision Medicine

Nanoparticles are versatile tools that can be
used to target, release with accuracy and combine
diagnostic and therapeutic modalities. Nano scale
vaccine adjuvants like lipid, polymeric, and inorganic
nano adjuvants are used in preventive medicine, which
improves the presentation of antigens, prolongs the
immune response, and lowers the dose. Such systems
played a major role in accelerated work on mRNA-based
vaccines and their ubiquitous introduction into the world,
establishing new standards in terms of pandemic
preparedness and scalable immunization (Sparrow et al.,
2022).

Nanocarriers used in precision therapeutics can
be used to control the spatiotemporal delivery of drugs to
cellular or tissue-specific locations to reduce toxicity in
the body and enhance pharmacokinetics. Liposomes,
dendrimers, and exosome-mimetic vesicles are
functionalized nanoparticles employed in the treatment
of cancer, management of cardiovascular disease and
neurodegenerative  disorders. In  correspondence,
nanodiagnostics, such as plasmonic sensors, quantum
dot assays, and nanowire biosensors, allow detecting
diseases in the early stage of their development with the
help of real-time biomarker measurements and non-
invasive  detection. This intersection  between
nanomedicine and digital health, artificial intelligence
(Al) and wearable biosensing goes even further to
provide precision public health, in which predictive
analytics guide preventive measures and individualized
interventions (Hassan et al., 2025).

6.2. Green Design of Biocompatible and Degradable
Nanomaterials

With the medical nanotechnologies
approaching clinical and commercial maturity,
environmental and biological sustainability are now a
serious design issue. The principles of eco-design
include the deployment of biocompatible, biodegradable
and renewable materials in the manufacture of

nanoparticles. Chitosan, alginate, silk fibroin, or
polylactic  acid-based organic, polymeric, and
biomimetic nanoparticles have positive degradation
properties and low cytotoxicity (Pontes et al., 2024). The
natural or bio-derived carriers have therapeutic activity
and reduce the long-term effects of accumulation in the
tissues or ecosystems.

However, the recent developments of
sustainable synthesis use plant metabolites, microbial
enzymes, and natural polymers as a reducing and
stabilizing agent in the preparation of nanoparticles. The
synthesis of metallic or hybrid nanoparticles by means of
phytochemical can be, but is not limited to using
polyphenols and flavonoids in solvent-free, mild
conditions. These bioinspired directions manage not only
to decrease the quantity of chemicals wasted but also to
provide nanomaterials with inherent antioxidant or
antimicrobial activities. This move to green
nanomanufacturing is therefore a convergence of
biomedical performance and environmental stewardship
a twofold challenge of 21 st cent century healthcare
innovation (Ikumapayi et al., 2024).

6.3. Nano-Based Antimicrobial Cuvitages and
Antiviral

The outbreak of antimicrobial resistance and
frequent cases of viral epidemics highlight the necessity
of new approaches to infection management. The
nanoparticles present versatile ways of pathogen
inactivation that works via membrane disruption,
generation of oxidative stress, and metabolic
interference. Nanoparticles of metal i.e. silver, copper
and zinc oxide demonstrate a broad-spectrum
antimicrobial action through release of ions and the
production of reactive oxygen species. These
nanomaterials can be size selective, shape selective and
surface charged, and can be used to target bacterial
membrane selectively without attacking host cells
(Radovic-Moreno et al., 2012).

Outside the therapeutic avenue, the use of nano-
enabled coatings and films has been popular in
preventing the growth of microbial colonies on
healthcare surfaces, medical instruments, and personal
protective equipment. Green nanocoatings based on
plant extracts, biopolymers or green-synthesized metal
oxides- combine effectiveness with biocompatibility,
minimizing risk of nosocomial infection but eliminating
chronic residues in the environment. Photocatalytic and
self-sterilizing nanomaterials also increase the level of
hygiene in a clinical environment, which contributes to
the sustainability of infection prevention facilities
(Mohite et al., 2022).

6.4. Nanomedicine Waste, Safety and Lifecycle
Management

Nanomedicine is increasingly being used,
although its applicability can be seen to cause lifecycle
effects, it must be fully assessed. The manufacture of
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nanoparticles, their use, and disposal after use can come
with new sources of waste and exposure. Hence, to
ensure safe translation, the toxicity and bioaccumulation
and transformation of nanoparticles require systematic
evaluation. Physicochemical parameters that control
biodistribution and environmental persistence include
particle size, charge, solubility and surface chemistry
(Duan et al., 2013).

Medical nanomaterials are now being subjected
to life cycle assessment (LCA) models to measure their
environmental impact throughout the production process
up to their end-of-life. The principles of the circular
economy provide new solutions, such as the recovery,
reuse, and recycling of high-quality nanomaterials in the
medical waste streams. As an example, magnetic
nanoparticles may be reused and recycled in diagnostic
systems, and the use of biodegradable polymeric carriers
avoids the cost of disposing of the particles after
treatment. It is also essential that the waste valorization
and energy-efficient synthesis are integrated into
nanomedicine production chains so that the medical
innovation would be consistent with planetary health
demands (Singh et al., 2025).

6.5. Global Health Governance Dimensions Ethical

Nanomedicine has a significant social effect not
only based on technological capacity but also in ethical,
regulatory and equity matters. Fair access to
nanotherapeutics and diagnostics is issues of concern to
the world, where affordability, infrastructure, and
knowledge transfer contribute to the benefits of low- and
middle-income areas. The policymakers and
international organizations should make a unified system
of safety standards, universal testing procedures, and
integrative innovation systems that would guarantee that
the progress of nanomedicine will not widen health
disparities (Isibor et al., 2025).

Ethical governance should also deal with the
problems of nanoparticles safety, informed consent in
clinical research and disclosure of environmental impact.
By incorporating nanomedicine into larger sustainability
contexts, healthcare innovation can be in line with the
United Nations Sustainable Development Goals
specifically SDG 3 (Good Health and Well-being), SDG
9 (Industry, Innovation and Infrastructure) and SDG 12
(Responsible Consumption and Production).
Constructing robust, circular, and morally managed
nanomedical systems will therefore play a major role in
realizing sustainable health futures in the fast-changing
world setting (Pokrajac et al., 2021).

CONCLUSION

Sustainability is also being redefined through
nanoparticles because they allow control of energy,
environment, agriculture and healthcare systems
precisely. Their distinctive characteristics are the driving
factor of cleaner production, the valorization of waste,
and the use of materials in a circle, which makes them

central to a low-carbon and resourceful future. However,
their pledge should be in line with safety, ethics and
ecological accountability. The creation of green
synthesis, lifecycle and regulatory coherence will ensure
that the nano-enabled innovations can not only help in
technological development but also sustainability of the
environment. With the interdisciplinary collaboration
and responsible governance, nanoparticles will turn out
to be the key to global sustainability between science,
industry, and society of carbon-neutral and regenerative
development.
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