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ABSTRACT

Because of their special physicochemical characteristics at the nanoscale (1-100 nm), nanoparticles have become a key component
of contemporary nanotechnology. Their categorisation, synthesis processes, characterisation techniques, and numerous uses in
industry, medicine, and the environment are highlighted in this study. Size-dependent optical, chemical, and biological properties
of nanoparticles improve their efficacy in biosensing, drug delivery, cancer therapy, and antimicrobial treatment. Advanced
characterisation methods like TEM, SEM, XRD, and DLS offer comprehensive structural and functional insights, while a variety of
physical, chemical, and green synthesis procedures allow for the controlled manufacture of nanoparticles with specific attributes.
Despite their benefits, there are still a lot of worries about their toxicity, effects on the environment, and difficulties with large-scale
manufacture. The behaviour and safety of nanoparticles are significantly influenced by variables including size, shape, and surface
chemistry. Ongoing research focuses on developing biocompatible, cost-effective, and environmentally friendly nanomaterials.
Overall, nanoparticles represent a promising tool for advancing biomedical, agricultural, and industrial innovations.
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1. INTRODUCTION

One of the most groundbreaking scientific advances of the twenty-first century is nanotechnology, which focuses on the design,
production, and manipulation of materials at the nanoscale, often below 100 nanometres. [1] At this scale, matter exhibits unique
physicochemical properties that differ greatly from those of their bulk counterparts. This multidisciplinary field, which integrates
ideas from physics, chemistry, biology, and engineering, enables innovations in several domains. Nanoparticles are crucial to the
development of applications including food technology, wastewater treatment, and environmental monitoring due to their tiny size
and high surface-to-volume ratio. [2] Additionally, its combination with biotechnology and medicine has revolutionised drug
delivery methods, treatment techniques, and diagnostics, offering improved efficacy, precision, and targeted action in complex
biological contexts.

Particles of diameters between 1 and 100 nanometres are referred to as nanoparticles, or ultrafine particles. At this nanoscale,
materials show remarkable size-dependent characteristics such enhanced reactivity, altered electrical behaviour, and unique optical
properties. These features are primarily caused by the enlarged surface area and quantum processes that prevail at such small
dimensions. [3, 4] When particle size approaches the nanoscale, quantum processes take the role of classical physical rules, upsetting
the conventional periodic arrangement of atoms in crystalline structures. Mechanical strength, conductivity, and chemical reactivity
all significantly vary as a result of this shift. Because of this, nanoparticles have special qualities that make them perfect for several
applications in science and technology. [5]

The usage of nanoparticles in microbiological and biomedical applications has significantly expanded due to their exceptional
properties, which include biocompatibility, antibacterial activity, anti-inflammatory properties, and good bioavailability. Their
ability to penetrate biological barriers and precisely administer drugs to certain organs, including cancers, improves therapeutic
outcomes while minimising side effects. In addition, nanoparticles are frequently used as antibacterial treatments to combat resistant
illnesses and in biosensing and diagnostic imaging technologies. [6, 7] In environmental science and agriculture, they advocate for
improved crop protection and pollution management. These innovative qualities have led to the rapid growth of nanotechnology-
based technologies, making nanoparticles indispensable tools in modern research. Through ongoing research, new uses for
nanoparticles are always being found.
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2. History of Nanotechnology

The word "nanotechnology" was first used in 1974 by Japanese scientist Norio Taniguchi at an international conference on industrial
production in Tokyo. He coined the term "the manipulation of materials through precision techniques involving dissociation,
merging, and deformation" to refer to nanoscale processes such as ion beam milling and semiconductor manufacturing. [8] The
discipline reached its "golden era" in 1981 when Gerd Binnig and Heinrich Rohrer created the Scanning Tunnelling Microscope
(STM), which allowed scientists to see and interact with individual atoms. [9] Surface science and materials research were
transformed by this discovery. Buckminsterfullerene C60 was soon found by Robert Curl, Richard Smalley, and Harold Kroto,
which accelerated research and opened up new possibilities in molecular engineering and nanomaterials.

With his 1986 book Engines of Creation: The Coming Era of Nanotechnology, Eric Drexler of the Massachusetts Institute of
Technology significantly advanced the field both conceptually and financially. He defined nanotechnology as engineering at the
billionth of a metre scale in this article and speculated about how it would transform a number of industries. [10] In order to promote
awareness and responsible growth, he later established the Foresight Institute. Due to a number of scientific breakthroughs and
technological developments, nanotechnology expanded quickly in the late 1980s and early 1990s. [11] Advances in computational
modelling, materials synthesis, and equipment have enhanced research abilities. These developments led to increased scientific
publications, improved design techniques, and broader interdisciplinary collaboration, ultimately shaping nanotechnology into a

dynamic and rapidly evolving field with vast potential for future innovation.

Table 1. Key Properties of Nanoparticles [12]

Property

Description

Key Effects / Importance

Examples / Applications

Size and Surface
Area

Nanoparticles range between
1-100 nm, resulting in a very
high surface-to-volume ratio.

Increased surface area enhances
chemical reactivity, catalytic
efficiency, and adsorption capacity.
Smaller size also influences cellular
uptake, biodistribution, and ability to
cross biological barriers.

Used in drug delivery systems
for improved absorption;
catalysts in chemical
reactions; wastewater
treatment through enhanced
adsorption of pollutants.

Shape and
Morphology

Nanoparticles can exist in
various shapes such as spheres,
rods, tubes, cubes, and stars.

Shape determines surface energy,
interaction with cells, optical
properties, and toxicity levels.
Different morphologies can influence
how particles behave in biological
and environmental systems.

Gold nanorods in
photothermal therapy; carbon
nanotubes in electronics;
nanostars in imaging and
sensing applications.

Surface Charge and

Surface charge refers to the

Surface charge affects particle

Targeted drug delivery using

quantum effects.

Functionalization electrical charge on stability, dispersion, and interaction ligand-coated nanoparticles;
nanoparticle surfaces, while with biomolecules. Functionalization | polymer-coated nanoparticles
functionalization involves enhances targeting ability, reduces for increased stability in
attaching molecules like toxicity, and improves compatibility | biological fluids.
ligands or polymers. with biological systems.

Optical and At the nanoscale, materials Quantum confinement leads to Quantum dots used in

Electronic exhibit unique optical and tunable optical properties, altered bioimaging and displays due

Properties electronic behavior due to conductivity, and enhanced electronic | to tunable fluorescence;

performance.

nanoscale semiconductors in
advanced electronics and
Sensors.

3. Classification of Nanoparticles [13-16]

Nanoparticles are broadly classified based on composition:

3.1 Inorganic Nanoparticles

e Metal nanoparticles: gold (Au), silver (Ag)

e Metal oxide nanoparticles: TiOz, ZnO, FesO4
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3.2 Organic Nanoparticles

Polymeric nanoparticles

e Liposomes

e Dendrimers

¢ Solid lipid nanoparticles

e Nanostructure lipid carriers

e Protein based nanoparticles

Carbohydrate based nanoparticles

3.3 Carbon-Based Nanoparticles

o Fullerenes, graphene, carbon nanotubes

Table 2: Summary of Inorganic Nanoparticles [13, 14]

Category Type of Description Key Properties Applications
Nanoparticle
Metal Gold (Au) Composed of pure gold High surface reactivity, strong | Drug delivery, cancer
Nanoparticles | Nanoparticles at nanoscale with optical properties (surface therapy (photothermal
excellent stability and plasmon resonance), non-toxic, | therapy), biosensors,
biocompatibility. easily functionalized. imaging, and diagnostics.
Metal Silver (Ag) Nanoscale silver particles | High antibacterial, antiviral, Medical coatings, wound
Nanoparticles | Nanoparticles known for strong and antifungal activity; good dressings, water
antimicrobial properties. | electrical conductivity. purification, antimicrobial
agents in textiles and food
packaging.
Metal Oxide Titanium Semiconductor oxide High UV absorption, strong Sunscreens, environmental
Nanoparticles | Dioxide (TiO2) nanoparticles widely oxidizing ability, chemical purification, self-cleaning
Nanoparticles used for their stability stability, photocatalytic surfaces, and pollutant
and photocatalytic properties. degradation.
activity.
Metal Oxide Zinc Oxide Multifunctional UV filtering, antibacterial Cosmetics,
Nanoparticles | (ZnO) semiconductor activity, high surface area, pharmaceuticals, food
Nanoparticles nanoparticles with semiconducting behavior. packaging, sensors, and
antimicrobial and UV- antibacterial coatings.
blocking properties.
Metal Oxide Iron Oxide Magnetic nanoparticles Superparamagnetism, Magnetic resonance
Nanoparticles | (FesOa) often referred to as biocompatibility, easy imaging (MRI), targeted
Nanoparticles magnetite nanoparticles. | separation using magnetic drug delivery,
fields. hyperthermia treatment,
wastewater treatment.
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Table 3: Summary of Organic Nanoparticles [15, 16]

Category Type of Description Key Properties Applications
Nanoparticle
Polymeric Polymeric Made from natural or Biodegradable, controlled Drug delivery, gene
Nanoparticles Nanoparticles synthetic polymers drug release, high stability, therapy, cancer
forming nanospheres or tunable surface properties. treatment, vaccine
nanocapsules. delivery.
Lipid-Based Liposomes Spherical vesicles Biocompatible, capable of Drug delivery, gene
Nanoparticles composed of phospholipid | carrying both hydrophilic delivery, cosmetics,
bilayers enclosing an and hydrophobic drugs, low | targeted therapy.
aqueous core. toxicity.
Polymeric Dendrimers Highly branched, tree-like | High drug loading capacity, Drug delivery, imaging,
Nanoparticles macromolecules with a precise structure, multiple gene therapy,
well-defined structure. functional groups for diagnostics.
modification.
Lipid-Based Solid Lipid Made from solid lipids that | Controlled drug release, Pharmaceutical
Nanoparticles Nanoparticles remain solid at room and improved drug stability, formulations, cosmetics,
(SLNs) body temperature. biocompatibility. oral and topical drug
delivery.
Lipid-Based Nanostructured Advanced form of SLNs Higher drug loading Drug delivery, skincare
Nanoparticles Lipid Carriers composed of a mixture of | capacity, reduced drug products, nutraceuticals.
(NLCs) solid and liquid lipids. leakage, enhanced stability.
Biological Protein-Based Derived from proteins such | Biodegradable, non-toxic, Drug delivery, tissue
Nanoparticles Nanoparticles as albumin, gelatin, or good biocompatibility, engineering, vaccines.
casein. natural targeting ability.
Biological Carbohydrate- Made from Biocompatible, Drug delivery, wound
Nanoparticles Based polysaccharides like biodegradable, healing, food industry,
Nanoparticles chitosan, alginate, or mucoadhesive, low toxicity. | gene delivery.

starch.

Table 4: Summary of Carbon-Based Nanoparticles [15, 16]

Category Type of Description Key Properties Applications
Nanoparticle
Carbon-Based Fullerenes Spherical, cage-like carbon High stability, excellent Drug delivery, antioxidants
Nanoparticles structures composed of electron affinity, in biomedical applications,
carbon atoms arranged in antioxidant properties, organic photovoltaics,
hexagons and pentagons (e.g., | unique molecular lubricants.
Ceo). geometry.
Carbon-Based Graphene A single layer of carbon Exceptional electrical Electronics, sensors, energy
Nanoparticles atoms arranged in a two- conductivity, high storage devices (batteries,
dimensional honeycomb mechanical strength, large | supercapacitors),
lattice. surface area, thermal composites.
conductivity.
Carbon-Based Carbon Cylindrical nanostructures High tensile strength, Nanoelectronics, drug
Nanoparticles Nanotubes made by rolling graphene excellent electrical and delivery, biosensors,
(CNTs) sheets into tubes (single- thermal conductivity, reinforced materials, energy

walled or multi-walled).

lightweight, high aspect
ratio.

storage systems.

4. Methods of Synthesis [17-25]

There are the following methods of nanoparticles synthesis.

1. Physical Methods
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2. Chemical Methods

3. Biological (Green) Synthesis

Table 5: Physical Methods of nanoparticles synthesis [17-18]

the vapor cools and
condenses.

Method Description Principle Advantages Limitations Applications
Evaporation— Material is heated ina | Phase Produces high- High energy Metal
Condensation furnace until it transformation purity consumption; nanoparticles,
vaporizes and then (solid — vapor nanoparticles; limited control ceramics, thin
condenses into — solid). simple process. over size films.
nanoparticles upon distribution.
cooling.
Laser Ablation | A high-energy laser Laser-induced No chemical Expensive Biomedical
beam is focused on a vaporization and | contaminants; equipment; low nanoparticles,
target material in a condensation. high purity; yield. colloidal metals,
liquid or gas medium, controlled nanocomposites.
causing material to composition.
vaporize into
nanoparticles.
Ball Milling Bulk materials are Mechanical force | Cost-effective; Possible Alloy nanoparticles,
(Mechanical ground into nanoscale | and fracturing. scalable for large | contamination; nanocomposites,
Attrition) particles using high- production. irregular particle industrial materials.
energy collisions with size and shape.
balls in a milling
chamber.
Sputtering Atoms are ejected from | Momentum Produces uniform | Requires vacuum | Coatings,
a solid target due to transfer from thin films; high conditions; costly | electronics,
bombardment with ions to atoms. purity. setup. semiconductor
high-energy ions and devices.
then deposited as
nanoparticles.
Arc Discharge | An electric arc Plasma Produces high- Limited control Carbon nanotubes,
Method between electrodes generation and quality carbon over particle size; | fullerenes,
vaporizes material, vaporization. nanoparticles high temperature nanocarbon
which then condenses (e.g., nanotubes). | required. materials.
into nanoparticles.
Inert Gas Material is vaporized Controlled Good control Requires Metal
Condensation in an inert gas nucleation and over particle size; | specialized nanoparticles,
atmosphere and growth in inert high purity. equipment; low catalysts, research
nanoparticles form as medium. production rate. materials.
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Table 6: Chemicals Methods of nanoparticles synthesis [19-22]

Method Description Principle Advantages Limitations Applications
Sol-Gel Method | Involves the Hydrolysis and Good control over | Time-consuming; | Ceramics, coatings,
transition of a condensation of | size and possible biomedical
system from a liquid | precursors. composition; high | agglomeration. materials, catalysts.

(e.g., sodium

borohydride, citrate).

“sol” into a solid purity; low

“gel” phase to form processing

nanoparticles. temperature.
Chemical Metal ions are Reduction (gain | Simple, cost- Use of toxic Metal nanoparticles
Reduction reduced to of electrons) of effective; good chemicals; (gold, silver), drug
Method nanoparticles using | metal ions. size control. requires delivery, sensors.

reducing agents stabilizers.

Co-precipitation | Nanoparticles are Nucleation and Easy, fast, Less control over | Magnetic
Method formed by growth through scalable; high particle size and nanoparticles,
precipitating ions precipitation. yield. shape; oxides, wastewater
from a solution aggregation treatment.
under controlled pH issues.
and temperature.
Hydrothermal / | Chemical reactions Crystallization Produces highly Requires Nanocrystals, metal
Solvothermal occur in sealed under high crystalline specialized oxides, energy
Method vessels at high pressure and nanoparticles; equipment; high materials.
temperature and temperature. good size control. | pressure
pressure in aqueous conditions.
or solvent media.
Microemulsion Uses emulsions Controlled Uniform particle Complex process; | Pharmaceuticals,
Method (water-in-oil or oil- nucleation within | size; good use of surfactants. | cosmetics,
in-water) as micelles. dispersion. nanomaterials
nanoreactors for synthesis.
controlled
nanoparticle
formation.
Chemical Vapor | Gaseous precursors Chemical High purity; High temperature; | Semiconductors,
Deposition react or decompose reaction in vapor | uniform coatings; expensive setup. coatings, carbon
(CVD) on a substrate to phase. scalable. nanotubes.
form nanoparticles
or thin films.
Polyol Method Uses polyols (e.g., Reduction and Good control over | Requires careful Metal
ethylene glycol) as stabilization in particle size; stable | control of reaction | nanoparticles,
both solvent and polyol medium. particles. conditions. catalysts,
reducing agent. electronics.

Page | 491




International Journal of Pharmacy and Pharmaceutical Research (IJPPR)

Volume 32, Issue 4, April 2026 ijppr.humanjournals.com ISSN: 2349-7203

Table 7: Biological (Green) Synthesis of nanoparticles synthesis [23-25]

Method / Source | Description Principle Advantages Limitations Applications
Plant-Mediated Utilizes plant extracts | Phytochemicals Eco-friendly, cost- | Variability due Drug delivery,
Synthesis (leaves, roots, fruits, (flavonoids, effective, simple to plant antimicrobial
seeds) to synthesize alkaloids, process; no toxic composition; agents,
nanoparticles. phenols) act as chemicals limited control environmental
reducing and required. over size and remediation.
stabilizing agents. shape.
Microbial Bacteria are used to Enzymatic Controlled Requires sterile | Bioremediation,
Synthesis reduce metal ions into | reduction and synthesis; ability conditions; biosensors, medical
(Bacteria) nanoparticles either metabolic to produce slower process. | applications.
intracellularly or processes. uniform particles.
extracellularly.
Fungal-Mediated | Fungi produce Enzyme-assisted | High yield; easy Longer Large-scale
Synthesis nanoparticles through | reduction and downstream synthesis time; nanoparticle
secretion of enzymes | stabilization. processing; purification production,
and proteins. scalable. challenges. pharmaceuticals.
Algae-Mediated | Algae extracts are Bio-reduction Sustainable, rapid | Limited Environmental
Synthesis used for nanoparticle | using pigments synthesis, research; applications,
synthesis through and biomolecules. | environmentally variability in biofuel-related
natural biochemical safe. results. nanotech,
pathways. medicine.
Protein/Enzyme- | Isolated proteins or Specific binding High specificity; Expensive; Targeted drug
Based Synthesis | enzymes are used to and reduction of controlled size requires delivery,
synthesize metal ions. and morphology. purification biosensors,
nanoparticles with steps. diagnostics.
controlled properties.
5. Characterization Techniques
Numerous techniques exist for characterising nanoparticles, some of which are discussed in this work.
Table 8: Characterization Techniques of nanoparticles [26-30]
Technique Full Form Purpose Information Obtained Key Importance
TEM Transmission High-resolution Particle size, shape, Provides detailed nanoscale
Electron Microscopy | imaging of internal structure, images and precise size
nanoparticles morphology measurement
SEM Scanning Electron Surface imaging of Surface morphology, Useful for analyzing surface
Microscopy nanoparticles particle shape, features and topography
aggregation state
UV-Vis Ultraviolet—Visible Optical Absorption spectra, Confirms nanoparticle
Spectroscopy Spectroscopy characterization surface plasmon formation and optical
resonance properties
FTIR Fourier Transform Chemical analysis Functional groups, Identifies capping agents and
Infrared chemical bonds, surface functionalization
Spectroscopy chemistry
XRD X-ray Diffraction Structural analysis Crystallinity, crystal Determines crystalline nature
structure, phase and particle phase
identification
DLS Dynamic Light Size distribution Hydrodynamic diameter, | Measures size in colloidal
Scattering analysis particle size distribution suspensions
Zeta Potential | — Surface charge Surface charge, stability Predicts stability and
measurement of nanoparticles in aggregation behavior
suspension
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6. Applications of Nanoparticles

Herbal medicines can be made more stable and effective by conjugating or encapsulating them with the right nanomaterials. Recent
years have seen a considerable advancement in novel drug delivery systems (NDDS) that use bioactive compounds and plant
extracts. Nanotechnology-based formulations, such as quantum dots, nanoparticles, dendrimers, nanocrystals, nanospheres, and
nanocapsules, are thoroughly studied. This approach improves patient compliance by increasing therapeutic efficacy, allowing for
controlled and sustained pharmaceutical release, and reducing the need for frequent dose. [31, 32, 33]

6.1. Nanoparticles in Cancer Therapy [34-37]

e Nanotechnology has enabled the development of advanced nanotherapeutic drugs for cancer treatment.

e Many nanoparticle-based medicines are already commercialized or in clinical trials.

e NPs support drug combination therapy, improving effectiveness against multidrug-resistant tumors.

e They enhance targeted drug delivery and reduce damage to healthy tissues.

o Early applications of nanomedicine began in the 1960s at ETH Zurich.

e Nanoparticles are widely used for:

v’ Cancer diagnosis

v’ Targeted therapy

v QOvercoming drug resistance mechanisms

6.2 Bacterial Resistance of Nanoparticles [38-40]

e Nanoparticles (NPs) are considered potential alternatives to antibiotics due to their ability to overcome microbial drug resistance.
e Overuse of antibiotics has led to the emergence of superbugs and drug-resistant infections.

o NPs can act as effective bactericidal agents against resistant microorganisms.

e However, in some cases, nanoparticles may also contribute to the development of bacterial resistance.

e Therefore, both advantages and limitations of NP—bacteria interactions must be carefully studied for safe biomedical use.

6.3 Antifungal Activity of Nanoparticles [41-43]

v' Silver nanoparticles (AgNPs) show strong antifungal activity against various fungal pathogens.

v' AgNPs combined with fluconazole enhance effectiveness against Candida albicans.

v’ Biologically synthesized AgNPs exhibit strong action against plant pathogens like Fusarium oxysporum.

v AgNPs can damage fungal cell walls and cellular structures.

v They show very low minimum inhibitory concentration (MIC), indicating high efficiency.

v' Their small size allows easy penetration into fungal cells, disrupting normal function.

v Combination therapy with antifungal drugs increases treatment efficiency.
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6.4. Nanoparticles in Antiviral Therapy [44, 45]

e Nanoparticles possess unique properties such as small size, large surface area, and tunable surface chemistry.
e Multiple antiviral drugs can be loaded onto a single nanoparticle for combined therapy.

o NP-based delivery reduces side effects by targeting infected cells while protecting healthy cells.

e Nanoparticles can circulate in the bloodstream without being trapped in capillaries or rapidly cleared by immune cells.
e Applications include antiviral treatment for:

e Hepeatitis C virus (HCV)

e Herpes simplex virus (HSV-1 and HSV-2)

e Human immunodeficiency virus (HIV)

e NP carriers enhance drug efficiency and improve therapeutic outcomes.

6.5. Nanoparticles in Diabetes Treatment [46, 47]

v" Nanoparticles improve oral insulin delivery by protecting it from enzymatic degradation in the gastrointestinal tract (GIT).
v They enhance drug absorption through paracellular and transcellular pathways.

v" Hydrophobic nanoparticles help in epithelial cell uptake via endocytosis.

v' Cationic nanoparticles interact with mucus but may reduce absorption efficiency.

v Neutral and hydrophilic nanoparticles are preferred for mucus penetration.

v However, digestive enzymes still affect insulin-loaded nanoparticles, reducing stability and absorption.

v" Major challenge: protecting insulin from proteolysis in the stomach and intestine.

6.6 Diagnostic, Biosensor, and Gene Therapy Applications [48, 49, 50]

v’ Nanoparticles are highly useful in diagnostics due to their tunable properties.

v’ Silver nanoparticles (AgNPs) are widely used in imaging due to strong plasmon resonance.

v' AgNP-based biosensors can detect biomarkers like cytochrome P53 in cancer.

v’ They are effective for detecting heavy metal ions such as mercury, nickel, and cobalt.

v' AgNPs show colorimetric sensing ability for environmental and medical diagnostics.

v In biosensor applications, nanoparticles improve sensitivity and detection speed.

v’ They are also used in gene therapy and molecular imaging systems.

7. Advantages of Nanoparticles

v’ High efficiency due to large surface area

v' Enhanced reactivity and catalytic performance
Page | 494



International Journal of Pharmacy and Pharmaceutical Research (IJPPR)

Volume 32, Issue 4, April 2026 ijppr.humanjournals.com ISSN: 2349-7203

v’ Targeted drug delivery

v Reduced material consumption

v Tunable physical and chemical properties [51, 52]
8. Toxicity and Environmental Impact [53-60]
Despite benefits, nanoparticles raise safety concerns:

8.1 Mechanisms of Toxicity: Reactive oxygen species (ROS), which cause oxidative stress in cells, are the primary way that
nanoparticles cause toxicity. This leads to damage to proteins and lipids, inflammation, and interference with cellular processes.
Additionally, they may have genotoxic effects and damage DNA, which might result in mutations and cell death. [57]

8.2 Factors Influencing Toxicity: Size, shape, surface charge, concentration, and exposure duration are some of the variables that
affect how harmful nanoparticles are. Smaller particles can enter tissues more deeply and are more reactive. Higher cellular contact
is frequently observed with positively charged nanoparticles. Their biological and environmental consequences are also largely
determined by their chemical makeup. [58]

8.3 Health Effects: Exposure to nanoparticles, particularly inhaled carbon nanotubes, can cause lung inflammation and other health
issues. They may also harm various organs' tissue and produce cytotoxicity. Because they may overcome biological barriers and
accumulate in important organs, long-term exposure is associated with cardiovascular risks and neurological diseases. [59]

8.4 Environmental Impact: By changing plant development and decreasing soil fertility, nanoparticles can have a detrimental
impact on the ecosystem. They could penetrate the food chain and interfere with microbial activities in soil environments.
Nanoparticles can build up in organisms over time, causing bioaccumulation and ecological imbalance that endangers ecosystem
stability and biodiversity. [60]

9. Challenges in Nanoparticle Research [61-63]

9.1 Toxicity and Safety Concerns: Because of their small size and strong reactivity, nanoparticles may be hazardous. They have
the ability to produce reactive oxygen species (ROS), which can cause inflammation, oxidative stress, and cellular damage. Certain
nanoparticles have the ability to pass through biological barriers and build up in organs, which raises questions regarding potential
long-term health implications on people, animals, and the environment. [64]

9.2 Lack of Standardized Regulations: As of right now, there is no global regulatory framework for the usage and assessment of
nanoparticle safety. Testing, approval, and risk assessment are inconsistent because various nations adhere to different regulations.
It is challenging to guarantee the safe development, commercialisation, and worldwide acceptance of goods based on
nanotechnology due to this lack of standardisation. [65]

9.3 Scale-Up for Industrial Production: Large-scale industrial manufacturing of nanoparticles is still difficult, despite their
effective synthesis in the lab. It is challenging to maintain consistent size, shape, and characteristics during mass manufacturing.
The seamless transfer from research to commercial manufacturing applications is hampered by problems with process optimisation,
repeatability, and quality control. [66]

9.4 Stability and Aggregation Issues: Agglomeration and aggregation in solution can cause stability issues for nanoparticles. As a
result, their characteristics change and their effective surface area is decreased. Stability can also be impacted by variations in pH,
temperature, or ionic strength, which makes consistent performance and long-term storage difficult in real-world applications. [67]

9.5 High Production Costs: High-quality nanoparticle manufacturing frequently calls for costly machinery, specific ingredients,
and regulated environments. Production costs are raised by methods like chemical vapour deposition and laser ablation. These
financial constraints limit the broad application of nanotechnology in cost-sensitive sectors and impede large-scale
commercialisation. [68]
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10. Future Perspectives

v" Development of biocompatible and biodegradable nanoparticles
v" Advancement in green synthesis methods

v" Personalized nanomedicine

v" Smart nanoparticles for targeted therapy

v" Improved regulatory frameworks [69, 70]

11. Conclusion

Because of their special size-dependent characteristics and numerous uses, nanoparticles have become a very promising area of
contemporary research. Biomedical sciences, particularly cancer therapy, antiviral treatment, and diabetic management, have been
transformed by their capacity to improve drug delivery, increase therapeutic efficacy, and enable focused treatment. Furthermore,
nanoparticles are essential for biosensing, antibacterial action, environmental cleanup, and diagnostic applications. Advanced
characterisation techniques aid in understanding the structure, shape, and stability of nanoparticles, and a variety of physical,
chemical, and green synthesis methods enable controlled creation of nanoparticles with specific attributes. Despite these benefits,
their widespread use is nevertheless constrained by issues including toxicity, environmental hazards, high manufacturing costs,
aggregation, and a lack of uniform rules. Future studies should concentrate on creating safe, biocompatible, and affordable
nanomaterials in addition to better green synthesis techniques. All things considered, nanoparticles are a formidable and developing
technology that has enormous potential to revolutionise industry, agriculture, and health in the upcoming decades.
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