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1.Abstract

Nanoparticles (NPs) have emerged as one of the most promising tools at the interface of science, technology, and
medicine due to their unique physical, chemical, and biological properties. Their high surface-area-to-volume
ratio, tunable size, and multifunctionality have enabled widespread applications in biomedicine, industry,
environment, and agriculture. Various synthesis approaches, including top-down, bottom-up, and biological
methods, have been developed to fabricate nanoparticles with controlled characteristics. Despite significant
progress, major challenges such as toxicity, environmental risks, large-scale production, and regulatory concerns
limit their widespread adoption. This review provides a comprehensive overview of nanoparticles, focusing on
their properties, synthesis strategies, applications, and the emerging challenges that shape their future directions.
Understanding these aspects will aid in designing safer, sustainable, and application-specific nanomaterials for

the next generation of technologies.

Keywords: Nanoparticles, Synthesis, Applications, Properties, Toxicity, Challenges, Nanotechnology

2. Introduction

Nanotechnology has revolutionized modern science and engineering by enabling the manipulation of matter at
the nanoscale (1-100 nm). At this scale, materials exhibit unique and often enhanced properties compared to their
bulk counterparts, making them highly attractive for diverse applications. Nanoparticles (NPs), which represent
one of the most fundamental components of nanotechnology, have gained significant attention due to their
distinctive physicochemical, optical, electrical, and biological behaviors.. However, systematic scientific research
into nanomaterials began in the late 20th century, with the advent of sophisticated synthesis techniques and

advanced characterization tools. [1]

Despite their advantages, nanoparticles also raise significant challenges. Concerns regarding toxicity,
bioaccumulation, and environmental persistence are growing, while large-scale, cost-effective production
remains a major limitation. This review aims to provide a detailed yet simplified overview of nanoparticles,

focusing on their key properties, synthesis techniques, diverse applications, and emerging challenges. By
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highlighting both the opportunities and limitations, this article seeks to offer a balanced perspective that will

guide future research and responsible innovation in nanotechnology.[2]

2.1 History of Nanoparticles

Ancient and Medieval Periods — Artisans used nanoparticles unknowingly; for example, gold and silver
nanoparticles created brilliant colors in medieval stained glass.1959 — Richard Feynman’s lecture “There’s Plenty
of Room at the Bottom” laid the foundation of nanotechnology by imagining manipulation of atoms at the
nanoscale.1970s—1980s — Advances in electron microscopy allowed scientists to observe nanoscale structures
directly.1990s — Discovery of fullerenes, carbon nanotubes, and quantum dots marked major breakthroughs in
nanoscience.2 1% Century — Nanoparticles became central to interdisciplinary research, with applications in drug

delivery, imaging, energy storage, and environmental remediation.
3. Drug profile
3.1 Drug name / Category :

. Generic descriptor:Nanoparticle-based drug delivery systems (NPs)

3.2 Common sub-classes:

. Lipid-based: liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers

(NLCs), lipid nanoparticles (LNPs used for nucleic acids)
o Polymeric nanoparticles: PLGA, PEGylated polymers, chitosan, polycaprolactone

. Dendrimers: PAMAM and related branched polymers

3.3 Mechanism of action (as drug delivery systems)

. Passive targeting: exploitation of Enhanced Permeability and Retention (EPR) effect for tumors

and inflamed tissues.

. Active targeting: ligand-mediated binding to receptors on target cells, followed by receptor-

mediated endocytosis.
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3.4 Pharmacokinetics & Pharmacodynamics (ADME/PD)

Absorption:

o Parenteral (IV): immediate systemic availability; nanoparticle properties dictate circulation

half-life.

. Oral: challenging due to GI barriers; certain NP systems (e.g., mucoadhesive or receptor-

mediated transcytosis) can enhance absorption.
Distribution:
Protein corona formation modifies apparent 'biological identity' and influences biodistribution Metabolism
. Biodegradable polymers: degraded by hydrolysis and enzymatic processes into monomers.
Excretion:

o Renal clearance: predominant for very small NPs (<5-6 nm) and degraded metabolites.

Pharmacodynamics:

. Altered potency and therapeutic index :due to improved delivery to target tissues, reduced oft-

target exposure, and controlled release.

. Time-course :depends on release mechanism (burst vs sustained) and NP clearance.

3.5 Representative clinical examples & approved products

. Doxil® (liposomal doxorubicin): reduced cardiotoxicity and altered PK.

Abraxane® (albumin-bound paclitaxel nanoparticles/nanoparticle albumin-bound [nab] formulation): solvent-

free formulation with altered distribution.

. Onpattro® (patisiran, LNP-siRNA): lipid nanoparticle delivery of siRNA for hereditary

transthyretin amyloidosis.

. mRNA COVID-19 vaccines (e.g., Pfizer-BioNTech, Moderna): LNP delivery vehicles for

nucleic acid vaccines.
3.6 Properties of Nanoparticles

Nanoparticles (NPs) exhibit a wide range of properties that distinguish them from bulk materials. These unique

properties arise primarily due to the high surface-area-to-volume ratio and quantum confinement effects that
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dominate at the nanoscale. Understanding these properties is essential for tailoring nanoparticles for specific

applications.
(a) Physical Properties :

The physical properties of nanoparticles are largely determined by their size, morphology, and surface

characteristics.

J Size and Shape: NPs typically range between 1-100 nm. Their small size leads to enhanced
reactivity and altered melting points compared to bulk materials. For instance, gold nanoparticles exhibit

lower melting points than bulk gold due to increased surface energy.[3]

. Surface Area: NPs have a significantly higher surface area per unit mass, providing more reactive

sites for chemical and biological interactions.

o Optical Properties: Metallic nanoparticles such as gold and silver exhibit surface plasmon
resonance (SPR), where conduction electrons oscillate in resonance with incident light, resulting in uniqe

color and optical absorption properties.[4]
(b) Chemical Properties:
Nanoparticles exhibit enhanced chemical reactivity due to increased surface atoms and unsaturated bonds.

J Catalytic Activity: Transition metal nanoparticles such as platinum (PtNPs) and palladium

(PdNPs) demonstrate superior catalytic activity, widely used in fuel cells and hydrogenation reactions>

o Surface Modification: Their surface chemistry can be modified using functional groups,

polymers, or ligands to enhance stability, solubility, and target specificity. [5]
(c¢) Mechanical Properties

Mechanical strength, hardness, and elasticity of materials change at the nanoscale.Nanoparticles often display
increased hardness and elasticity due to grain size reduction (Hall-Petch effect) .Carbon-based nanomaterials like
carbon nanotubes (CNTs) and graphene possess exceptional tensile strength, making them ideal reinforcements

in composites.[6]
(d) Magnetic Properties:

Magnetic nanoparticles (MNPs) such as iron oxide (FesOa4) display superparamagnetism, meaning they exhibit
magnetism only in the presence of an external field and lose it when the field is removed . This property is crucial

in biomedical imaging (MRI contrast agents) and targeted drug delivery.[7]
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(e) Biological Properties:

NPs can interact with biological systems at the molecular and cellular level.Due to their small size, NPs can cross
biological barriers such as cell membranes and the blood—brain barrier. However, these properties also raise

concerns about cytotoxicity, oxidative stress, and inflammation depending on size, charge, and coating [§8]

4. Synthesis of Process

The synthesis of nanoparticles (NPs) is a crucial step in nanotechnology, as the method of preparation directly
influences their size, shape, crystallinity, and surface chemistry. Broadly, synthesis approaches are classified into
top-down and bottom-up strategies. In addition, biological or “green” synthesis methods have gained attention as
sustainable alternatives. Each approach offers unique advantages and limitations, making them suitable for

different applications.
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Fig No 1 : The synthesis of nanoparticles Top Down — Bottom- Up Approach

4.1 Top-Down Approaches

Top-down methods involve the breakdown of bulk materials into nanosized particles. These processes rely on

mechanical, physical, or lithographic techniques to reduce particle size.
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. Mechanical Milling: High-energy ball milling is one of the most widely used methods for
producing nanoparticles from bulk powders. Repeated fracture and cold welding processes during milling
lead to nanosized particles. However, contamination from the milling media and difficulty in controlling

particle size distribution are key drawbacks.[9]

o Laser Ablation: In this method, a pulsed laser irradiates a solid target in liquid or gaseous
environments, generating nanoparticles from the ejected material. Laser ablation provides pure

nanoparticles with controlled composition but suffers from low yield

J Etching and Sputtering: These techniques rely on physical erosion or ion bombardment of bulk
materials to produce nanostructures. They are effective for thin films but less suitable for large-scale

production .[10]

4.2 Bottom-Up Approaches

Bottom-up methods assemble nanoparticles from atoms, ions, or molecules through chemical or physical

processes. These techniques generally allow better control over size and morphology.

o Sol-Gel Method: Involves the transition of a solution (sol) into a solid network (gel). Metal
alkoxides or salts are typically used as precursors. Sol—gel synthesis provides uniform nanoparticles with

high purity, widely used for oxides such as TiO: and SiO- .

o Co-precipitation: A simple and cost-effective technique where nanoparticles form through
precipitation from a homogeneous solution. For example, iron oxide nanoparticles are often synthesized

using this method. However, controlling size distribution can be difficult .

J Hydrothermal and Solvothermal Methods: Reactions carried out in sealed autoclaves at high
temperature and pressure yield highly crystalline nanoparticles. Hydrothermal methods are particularly

suitable for oxides, while solvothermal processes extend the approach to organic solvents .

. Chemical Vapor Deposition (CVD): CVD involves the deposition of thin films or nanoparticles
onto a substrate from vapor-phase precursors. It is widely used for carbon nanotubes, graphene, and silicon

nanostructures [11]

. Microemulsion Technique: In this method, nanoparticles are formed within the droplets of a
water-in-oil or oil-in-water emulsion. This allows fine control over particle size but requires surfactants,

which may complicate purification .[12]
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4.3 Biological (Green) Synthesis

Biological synthesis uses plant extracts, microorganisms, or biomolecules as reducing and stabilizing agents. This

approach has gained popularity due to its eco-friendly, low-cost, and biocompatible nature.
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Fig No2: Schematic diagram for biosynthesis of NPs

° Plant-Mediated Synthesis: Plant extracts containing alkaloids, flavonoids, terpenoids, and
phenolic compounds reduce metal ions to form nanoparticles. For example, silver nanoparticles (AgNPs)

have been synthesized using neem and tea extracts .

o Microbial Synthesis: Bacteria, fungi, and algae produce nanoparticles either intracellularly or

extracellularly. For instance, Fusarium oxysporum is known to synthesize silver and gold nanoparticles

4.4 Comparative Analysis of Synthesis Methods

J Top-down methods: High precision but costly and less scalable.  Bottom-up methods: Good

control over particle characteristics, scalable, but may require toxic chemicals.

. Biological methods: Eco-friendly and biocompatible, but reproducibility and uniformity need

improvement.\
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5. Applications of Nanoparticles:

Nanoparticles have become indispensable in various fields owing to their unique physicochemical, optical, and
biological properties. Their small size, tunable surface chemistry, and multifunctionality enable applications
ranging from medicine to electronics, agriculture, and environmental remediation. This section highlights the

most significant domains of nanoparticle applications.
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Fig No 3: Applications of Nanoparticles
5.1 Biomedical Applications

Nanoparticles are revolutionizing healthcare by improving diagnosis, imaging, and therapy. Their ability to cross

biological barriers and interact with cellular components makes them valuable in medicine.

J Drug Delivery: Nanoparticles such as liposomes, polymeric NPs, and dendrimers are widely
explored as carriers for targeted and controlled drug release. They improve solubility, bioavailability, and
reduce side effects by delivering drugs directly to diseased tissues . For example, doxorubicin-loaded

liposomal nanoparticles are used in cancer therapy.

. Cancer Therapy: Gold nanoparticles (AuNPs) and magnetic nanoparticles are applied in

photothermal therapy and hyperthermia, selectively destroying cancer cells while sparing healthy tissues.

. Diagnostic Imaging: Quantum dots (QDs) and magnetic nanoparticles are used as contrast agents
in imaging modalities such as fluorescence imaging and magnetic resonance imaging (MRI). Their high

sensitivity improves early disease detection .

IJNRD2511185

IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) b752



http://www.ijnrd.org/

“Ro © 2025 IJNRD | Volume 10, Issue 11, November 2025| ISSN: 2456-4184 | JNRD.ORG
. Antimicrobial Agents: Silver nanoparticles (AgNPs) exhibit strong antibacterial, antifungal, and

antiviral activity by disrupting microbial membranes and generating reactive oxygen species .

. Biosensors: Nanoparticles functionalized with biomolecules are utilized for detecting glucose,

pathogens, and biomarkers with high sensitivity and specificity .[14]

5.2 Environmental Applications

Environmental nanotechnology employs nanoparticles for pollution control, water treatment, and energy-related

solutions.

° Water Purification: Metal oxide nanoparticles such as TiO2, ZnO, and FesOa are effective in
removing heavy metals, dyes, and organic contaminants from wastewater via adsorption and

photocatalysis

o Pollution Control: Nanocatalysts enhance the degradation of toxic gases and volatile organic
compounds (VOCs). For instance, TiO2 nanoparticles are used in photocatalytic degradation of NOx and

Sox pollutants.

. Oil Spill Remediation: Hydrophobic magnetic nanoparticles are applied for oil absorption and

subsequent magnetic separation from water .

J Environmental Monitoring: Nanosensors enable real-time detection of pollutants such as

pesticides, heavy metals, and pathogens in air and water [15]

5.3 Industrial Applications

In industry, nanoparticles are incorporated into materials and processes to enhance efficiency, durability, and

performance.

. Electronics and Semiconductors: Silicon nanoparticles are widely used in microchips,

transistors, and optoelectronic devices due to their tunable bandgap and conductivity.

. Catalysis: Platinum, palladium, and gold nanoparticles serve as highly efficient catalysts in

chemical reactions, including hydrogenation, oxidation, and fuel cell applications .

. Energy Storage and Conversion: Nanoparticles improve the performance of batteries, fuel cells,
and supercapacitorsl. For instance, carbon nanotubes and graphene enhance electrode conductivity and

energy density .

J Coatings and Paints: Nanoscale TiO. and ZnO are used in UV-protective coatings and self-

cleaning surfaces, widely applied in textiles, glass, and construction
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. .Food Industry: Nanoparticles are used in packagitoimprove shelf-life, antimicrobial protection,

and food quality monitoring. [16]

5.4 Agricultural Applications
Nanotechnology offers innovative solutions to improve crop yield, nutrient delivery, and pest control.

J Nanofertilizers: Nutrient-loaded nanoparticles provide slow and controlled release of fertilizers,

improving nutrient uptake efficiency and reducing environmental runoff .

o Pesticide Delivery: Nanoparticles act as carriers for pesticides and herbicides, ensuring targeted

delivery and minimizing toxicity to non-target organisms .

. Plant Growth Enhancement: ZnO and SiO: nanoparticles have been reported to promote seed

germination, root elongation, and stress tolerance in plants.[17]

o Pathogen Detection: Nanosensors help in early detection of plant diseases, enabling timely

intervention and reducing crop losses .

5.5 Summary

Nanoparticles have penetrated diverse sectors, from medicine and agriculture to energy and environment. Their
multifunctional properties offer significant improvements over conventional technologies. However, their large-

scale use also necessitates rigorous assessment of safety and sustainability.

6. Emerging Challenges

Despite the vast potential of nanoparticles across multiple sectors, their rapid expansion has raised several
concerns. These challenges revolve around toxicological risks, environmental impacts, production barriers, and
regulatory issues. Addressing these hurdles is critical to ensure safe, sustainable, and large-scale utilization of

nanotechnology.
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6.1 Toxicity and Biocompatibility

Nanoparticles interact intimately with biological systems due to their small size and surface reactivity. While

these features are beneficial for medical applications, they also pose risks.
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Fig No 4:  Biocompatibility and Toxicity of Nanoparticles

. HCellular Toxicity: Nanoparticles may generate reactive oxygen species (ROS), leading to

oxidative stress, DNA damage, and apoptosis in cells .

o Size and Surface Effects: Smaller nanoparticles (<10 nm) can easily penetrate cell membranes

and organelles, increasing the chance of toxicity

. Biocompatibility Issues: Surface charge and coating materials affect cellular uptake. For

instance, cationic nanoparticles often show higher cytotoxicity compared to neutral or anionic particles

. Blood-Brain Barrier Penetration: While useful for drug delivery, uncontrolled nanoparticle

transport into the brain can trigger neurotoxicity. [18]

6.2 Environmental Risks

Nanoparticles inevitably enter the environment during production, use, or disposal. Their persistence and

reactivity raise ecological concerns.
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. Aquatic Ecosystems: Metallic nanoparticles such as silver (AgNPs) can accumulate in aquatic

organisms, disrupting growth and reproduction.

. Soil Contamination: Nanoparticles may alter soil microbial diversity and enzymatic activity,

impacting nutrient cycles .

o Bioaccumulation: Persistent nanoparticles can move up the food chain, posing long-term

ecological risks .

. Transformation in Environment: Nanoparticles may undergo chemical modifications (e.g.,

oxidation, sulfidation), altering their toxicity profiles[19]

6.3 Large-Scale Production and Economic Barriers
Scaling up nanoparticle synthesis from laboratory to industry faces multiple obstacles.

o High Production Costs: Techniques such as lithography, laser ablation, and chemical vapor

deposition require expensive equipment and reagents

. Batch-to-Batch Variability: Achieving uniformity in size, shape, and surface properties remains

a challenge .

. Purification and Stability: Removing by-products and stabilizing nanoparticles against

aggregation are resource-intensive steps .

. Sustainability Issues: Many conventional synthesis methods rely on toxic solvents and Research
into green and scalable synthesis techniques is crucial for commercial viability high energy inputs, making

them environmentally unsustainable .[20]
6.4 Regulatory and Ethical Concerns
The rapid commercialization of nanotechnology has outpaced regulatory frameworks.

. Lack of Standardized Guidelines: Current safety standards are insufficient for evaluating

nanoparticle exposure, toxicity, and disposal.

. Ethical Issues: The use of nanoparticles in food, cosmetics, and medicine raises concerns about

informed consent, labeling, and consumer safety .

J Occupational Exposure: Workers in nanoparticle manufacturing may face chronic exposure risks

due to inadequate protective measures .

. Public Perception: Misunderstanding or fear of nanotechnology could hinder its acceptance and

responsible application .[21]
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6.5 Summary

Nanoparticles offer extraordinary opportunities, but their toxicological risks, environmental persistence,
scalability challenges, and regulatory gaps cannot be ignored. A balanced approach—combining innovation with
safety and sustainability—will be critical in overcoming these emerging challenges and ensuring responsible

progress in nanotechnology.

7.Future Perspectives

Nanoparticles have already demonstrated transformative impacts across medicine, energy, environment, and
industry. However, their full potential is far from realized. Future research and development will likely focus on
safer, smarter, and more sustainable nanoparticles tailored for specific applications. Several directions are

particularly promising.

7.1 Smart and Stimuli-Responsive Nanoparticles

A growing trend is the development of “smart” nanoparticles that respond to specific stimuli such as pH,

temperature, light, or magnetic fields.

o Drug Delivery: Stimuli-responsive nanoparticles can release drugs only at the target site (e.g.,

tumor tissue with acidic pH), minimizing side effects

. Diagnostics: Multifunctional nanoparticles may combine therapeutic and imaging capabilities,

leading to theranostics — simultaneous diagnosis and treatment of diseases.[22]

7.2 Personalized and Precision Medicine

Nanoparticles are expected to play a central role in the next era of precision medicine.

Tailored nanocarriers can be designed to match an individual’s genetic profile, ensuring optimal therapeutic

outcomes .

Integration with artificial intelligence (AI) and machine learning may enable predictive modeling of nanoparticle

behavior in the human body, improving treatment design .[23]
7.3 Sustainable Nanotechnology
Future research will prioritize eco-friendly and sustainable nanoparticle production.

. Green Synthesis: Plant- and microbe-mediated nanoparticle synthesis will reduce reliance on

toxic chemical.
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. Biodegradable Nanoparticles: Development of nanomaterials that degrade safely after use will

minimize long-term environmental impact.

. Circular Economy Integration: Recycling and reusing nanoparticles from industrial waste

streams could reduce costs and resource consumption.[24]

7.4 Integration with Emerging Technologies
Nanoparticles will increasingly integrate with other advanced fields:

. Nanorobotics: Miniaturized robots powered by nanoparticles may enable targeted drug delivery

or microsurgery .

J Energy Technologies: Nanoparticles in next-generation solar cells, hydrogen storage and flexible

batteries could support global sustainability goals .

. Agriculture 4.0: Combining nanoparticles with IoT (Internet of Things) and nanosensors may

lead to precision agriculture with real-time monitoring of soil and crop health.[25]
7.5 Summary

The future of nanoparticles lies in developing intelligent, personalized, and sustainable nanomaterials. By
merging nanotechnology with Al, robotics, biotechnology, and green chemistry, researchers can design next-
generation solutions for healthcare, environment, energy, and agriculture. However, these advances must be

accompanied by rigorous safety testing and responsible regulations to ensure societal trust and long-term benefits.
8. Conclusion

Nanoparticles occupy a central position in modern science and technology, offering unique physicochemical and
biological properties that distinguish them from bulk materials. Their versatility has enabled applications across
a wide spectrum, including targeted drug delivery, diagnostics, catalysis, energy storage, agriculture, and

environmental remediation. Advances in synthesis techniques — spanning top-down,

bottom-up, and biological methods — have made it possible to tailor nanoparticles with precise size, shape, and

surface functionalities for specific purposes.

However, the rapid growth of nanotechnology also highlights emerging challenges. Concerns regarding
nanoparticle toxicity, bioaccumulation, and environmental persistence underscore the need for careful risk
assessment. At the same time, large-scale production, reproducibility, and regulatory gaps remain barriers to
commercialization. Ethical considerations surrounding their use in medicine, food, and consumer products must

also be addressed to ensure public trust.
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Looking ahead, the future of nanoparticles lies in the development of smart, stimuli-responsive, and sustainable
nanomaterials that can meet global needs in healthcare, energy, and environmental protection. The integration of

nanotechnology with artificial intelligence, biotechnology, and green

holds the promise of revolutionizing multiple sectors. To achieve this potential, innovation must proceed hand

in hand with safety, sustainability, and responsible governance.

In conclusion, nanoparticles represent a nexus of opportunity and challenge. Harnessing their benefits while

mitigating their risks will be key to shaping a sustainable and technologically advanced future.
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