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ABSTRACT

Nanotechnology operates at the scale of one-half the diameter of DNA to 1/20 the size of a red blood cell, offering unique
physicochemical properties such as increased surface area to volume ratio and enhanced reactivity. These characteristics
make nanoparticles particularly useful in diverse domains, especially biomedical applications including targeted drug
delivery, diagnostics, and imaging. This review highlights the synthesis, characterization, and biomedical implications of
metallic and metal oxide nanoparticles, emphasizing recent trends and eco-friendly synthesis routes like green synthesis.

The multifaceted nature of nanotechnology continues to open novel frontiers in science, medicine, and environmental
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INTRODUCTION

Nanotechnology is a transformative enabling technology that
involves the manipulation of matter at dimensions typically
between 1 and 100 nanometers, where quantum mechanical
effects often dominate material properties. At this scale,
materials exhibit unique physicochemical characteristics, such as
increased surface-to-volume ratio and enhanced reactivity,
which are not observed in their bulk counterparts. These
properties make nanomaterials particularly attractive for
applications in  medicine, electronics, catalysis, and
environmental remediation.

The global nanotechnology market reflects this scientific
momentum. As of 2024, it is valued at over USD 91 billion, and is
projected to reach USD 332 billion by 2032, driven by
innovations in nanomedicine, electronics, energy, and
manufacturing. The continuous demand for nanoscale solutions
in drug delivery, cancer therapy, imaging, and environmental
applications further fuels this growth.

Nanoparticles, as the core units of nanotechnology, are broadly
classified based on their origin (organic, inorganic, or hybrid)
and synthesis methods. They offer multifunctional platforms
capable of drug encapsulation, diagnostic imaging, and targeted
therapy. Their ability to be functionalized with hydrophilic,
hydrophobic, cationic, or anionic groups enhances their
compatibility and specificity in biomedical environments. For
instance, magnetic nanoparticles such as magnetite (Fe:04) and
maghemite (y-Fe203) are widely explored for magnetic

resonance imaging (MRI), magnetic hyperthermia, and targeted
drug delivery due to their superparamagnetic properties.
Top-Down vs. Bottom-Up Approaches

The synthesis of nanoparticles can follow two major paradigms:
top-down and bottom-up approaches.

e Top-down methods involve breaking down bulk
materials into nanoscale components using physical
techniques such as lithography, milling, or laser
ablation. These methods are generally effective for
producing uniform structures but may introduce
surface defects or contamination.

e  Bottom-up methods, in contrast, involve the assembly
of nanoparticles from atoms or molecules via chemical
reactions, self-assembly, or biological routes such as
green synthesis using plant extracts. These methods
are more energy-efficient, eco-friendly, and allow
better control over particle morphology and
composition.

Among these, green synthesis is gaining significant attention as
an environmentally benign alternative to conventional chemical
synthesis. It uses natural reducing and capping agents, such as
plant metabolites, which eliminate the need for toxic precursors
and stabilize the particles naturally.

Nanotechnology has become increasingly multidisciplinary,
integrating principles from physics, chemistry, biology, and
engineering. It has revolutionized conventional industries and
enabled the development of novel nanoscale devices and
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therapies. For example, the Enhanced Permeability and
Retention (EPR) effect facilitates the accumulation of
nanoparticles in tumor tissues, enabling targeted drug delivery
and reducing systemic side effects.

Furthermore, advances in surface modification allow
nanoparticles to bind with drugs, proteins, nucleic acids, or
antibodies, enabling precise delivery and controlled release
mechanisms. These systems have demonstrated superior
therapeutic efficacy in treating brain tumors, cancers, and
infectious diseases.

In summary, the rapidly evolving field of nanotechnology offers
innovative solutions for some of the most pressing challenges in
healthcare, electronics, and the environment. The design,
synthesis, and application of nanomaterials—especially via
sustainable methods—are at the forefront of scientific research
and industrial development.

2. LITERATURE REVIEW

2.1. Evolution and Strategic Importance of Nanotechnology
Nanotechnology has evolved from a primarily scientific interest
into a multidisciplinary technological platform with strategic
relevance in computing, defense, and industrial applications [1],
[2]. Countries like Japan have implemented strategic research
initiatives to develop nanotech solutions aligned with national
innovation policies [2]. In computing, nanotechnology integrates
with cloud systems and big data management for high-
performance computing [3].

Nanotechnology also plays a critical role in miniaturizing
transistor technologies [4] and fabricating glyconanoparticles for
biomedical applications [5]. Its military applications are gaining
prominence with stealth and counter-stealth technologies [6],
[20], [8].

2.2 Educational and Societal Aspects

Educational frameworks are being updated to incorporate
nanotech modules in engineering curricula [9], [10]. Ethical
concerns, regulatory frameworks, and societal acceptance
remain pivotal [1], [22], highlighting the importance of
addressing risks associated with nanomaterials in food, consumer
goods, and biomedicine [7], [21].

2.3 Green Synthesis and Eco-Friendly Nanoparticles

The shift toward environmentally benign synthesis methods has
led to the emergence of green nanotechnology using plant
extracts, marine algae, and natural polymers [12], [13], [14],
[15], [25], [33]. Marine algae, for instance, have shown potential
in synthesizing Co30s nanoparticles with antimicrobial and
anticancer activity [25]. Similarly, biosynthesis using Calliandra
haematocephala leaf extract has yielded silver nanoparticles
with notable antimicrobial properties [14].

Recent reviews further emphasize the broad applicability and
ecological safety of green methods [38], [35], including their
integration into biosensors and drug delivery systems.

2.4 Biomedical Applications

A significant portion of research focuses on nanotechnology for
drug delivery, diagnostics, MRI imaging and cancer therapy using
magnetic nanoparticles like Fe3O4 and a-Fe20s [16], [19], [26],
[27], [30], [33]. These nanoparticles exhibit superparamagnetic
behavior, making them ideal for magnetically guided drug
targeting, hyperthermia treatments, and bio-imaging [28], [29],
[34], [36].

Iron oxide-based systems are notable for their low toxicity and
biocompatibility [28], while Fe-Co bimetallic nanoparticles show
promising photocatalytic and antibacterial properties [24].

2.5 Classification and Hybrid Systems

Nanoparticles can be classified as organic, inorganic, or hybrid
based on composition. Metal-containing hybrid microgels, for
instance, offer tunable properties for biocompatibility and
targeted delivery  [31]. The  multifunctionality  of
glyconanoparticles and dendrimer-based systems has been
explored extensively for biomedical and optoelectronic use [5],
[18].

2.6 Industrial and Environmental Applications

Nanoparticles play a transformative role in catalysis, pollution
control, and food packaging. ZnO and TiO2 nanoparticles are

used in degrading industrial pollutants and improving food safety
via antimicrobial coatings [17], [21], [7].

Recent applications in defense and aerospace involve high-
strength materials, enhanced energy efficiency, and sensory
capabilities [6], [8], [20]. Food nanotechnology also raises
important questions about nanotoxicology and public perception
[21].

2.7 Synthesis and Characterization Techniques

Top-down and bottom-up synthesis methods, including sol-gel,
co-precipitation, and evaporation-condensation, are widely used
in labs and industry [13], [14], [15]. Modern studies also focus on
the characterization of magnetic nanoparticles via SEM, XRD,
FTIR, and DLS techniques [23], [26], [29].

Advanced synthesis strategies incorporate biomimicry and self-
assembly, enhancing reproducibility and function [27], [37].

2.8 Challenges and Future Directions

Key challenges include nanoparticle toxicity, lack of global
regulatory norms, and scale-up issues [1], [22], [28]. Ethical
deployment of nanotechnology in sensitive domains like food,
medicine, and defense necessitates proactive stakeholder
engagement and policy frameworks [1], [36].

Simultaneously, the future lies in integrating green synthesis
with machine learning, biomimetic design, and clinical
nanomedicine, ensuring safe and scalable innovations [32], [37].
3. CLASSIFICATION OF NANOPARTICLES

Nanoparticles can be broadly classified into organic, inorganic
and hybrid types based on their chemical composition and
functionality.

3.1 Organic Nanoparticles

These include liposomes, dendrimers, micelles, and polymeric
nanoparticles. They are biodegradable, biocompatible, and
extensively used in drug delivery systems due to their ability to
encapsulate hydrophilic and hydrophobic drugs.

3.2 Inorganic Nanoparticles

These comprise metallic nanoparticles (e.g., gold, silver,
copper), metal oxides (e.g., ZnO, TiO2, Fes:04), and quantum
dots. They exhibit unique optical, magnetic, and electronic
properties and are used in biosensing, imaging, and electronics.
3.3 Magnetic Nanoparticles

Typically composed of iron oxides (Fes0s, y-Fe20s), these
particles show  superparamagnetic  behavior,  enabling
applications in MRI, magnetic hyperthermia, and targeted drug
delivery.

4, METHODS OF SYNTHESIS

The synthesis of nanoparticles can be achieved through various
physical, chemical, and biological routes, each with distinct
advantages and limitations.

4.1 Physical Methods

e  Ball Milling: Mechanical grinding of bulk materials to
nanoscale.

e  Evaporation-Condensation: Vaporizing a metal source
and condensing it into nanoparticles, often in an inert
gas environment.

4.2 Chemical Methods

e  Sol-Gel Method: Involves the transition of a solution
system from a liquid 'sol’ into a solid 'gel' phase. Used
widely for oxide nanoparticle synthesis.

e  Hydrothermal Synthesis: Reactions occur in sealed
autoclaves at high temperature/pressure; good for
crystalline nanomaterials.

e  Co-precipitation: Simple method involving
simultaneous precipitation of multiple ions; frequently
used for magnetic NPs.

4.3 Biological (Green) Synthesis

e Plant-Mediated Synthesis: Using leaf, flower, or root
extracts as reducing agents.

®  Microbial Synthesis: Bacteria and fungi reduce metal
salts to nanoparticles via enzymatic reactions.
This eco-friendly method avoids harmful chemicals,
ensuring biocompatibility—essential for biomedical
applications.
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Table 1: Summary of Nanoparticle Synthesis Methods

Method Approach Description Advantages Examples
Ball Milling Top-Down Mechanical attrition to reduce bulk material to Simple and scalable Metal oxides
nanoscale
Evaporatlop - Top-Down | Vaporizes material and condenses to form NPs Prodyces pure and uniform Metal nanoparticles
Condensation particles
} Bottom- | Hydrolysis and condensation of precursors Low temperature, good control of |_.
Sol-Gel Method Up forming a colloidal sol composition Ti02, ZnO, Fes0s
Hydrothermal Bottom- T . . Good crystallinity and morphology | Iron oxide, cerium
Synthesis Up Crystallization in aqueous solutions at high T/P control oxide

Co-precipitation Up solution

Bottom- | Simultaneous precipitation of multiple ionsin | Cost-effective, widely used for

magnetic NPs Fes304, CoFe204

Green Synthesis

Bottom- | Uses plant extracts, bacteria, fungi as reducing |Eco-friendly, biocompatible,

Silver, gold, iron

Up and stabilizing agents scalable oxide NPs

5. CHARACTERIZATION TECHNIQUES
Thorough characterization is essential for determining
nanoparticle size, shape, morphology, composition, and surface
properties.
Table 2. Characterization Techniques
Technique Full Form Purpose

TEM Transmission Electron Microscopy Visualizes internal structure, size, and shape at atomic scale

SEM Scanning Electron Microscopy Surface morphology and particle size

XRD X-ray Diffraction Crystal structure and phase identification

FTIR Fourier-Transform Infrared Spectroscopy

Functional group analysis; surface chemistry

DLS Dynamic Light Scattering

Measures hydrodynamic diameter and particle size distribution in colloids

5.1 APPLICATIONS OF NANOTECHNOLOGY
5.1.1 Medicine

e Drug Delivery: Nanocarriers enable targeted and
controlled release, minimizing side effects.

e Cancer Therapy: Enhanced Permeability and
Retention (EPR) allows nanoparticles to accumulate in
tumors.

e Imaging: Quantum dots and magnetic nanoparticles aid
in diagnostic imaging (MRI, PET).

e  Gene Therapy: Dendrimers and liposomes are used for
gene delivery.

5.1.2 Environment

e  Water Treatment: Metal oxide NPs (e.g., TiO2, ZnO)
degrade organic pollutants via photocatalysis.

e  Sensors: Nanosensors detect pollutants and pathogens
with high sensitivity.

e  Soil Remediation: NPs immobilize heavy metals and
degrade toxins.

5.1.3 Industry

e  Electronics: Quantum dots and CNTs are used in
transistors and solar cells.

e  (Catalysis: NPs enhance surface area and reactivity,
improving efficiency.

e Food Packaging: Nano-silver and nanoclays improve
shelf life and microbial resistance.

6. CHALLENGES AND FUTURE DIRECTIONS
Despite tremendous potential, nanotechnology faces several
critical challenges:
6.1 Toxicity and Biocompatibility
e  Long-term safety of nanoparticles remains a concern.

®  Accumulation in organs and tissues may lead to
unforeseen effects.
e  Thorough in vivo and in vitro studies are essential.
6.2 Regulatory and Ethical Considerations
e  Absence of universal regulatory standards.
e  Ethical dilemmas in human trials and environmental
release.
6.3 Scalability and Cost

e  High production costs limit commercial translation.

e Need for low-cost, eco-friendly, and large-scale
synthesis techniques.

CONCLUSION

Nanotechnology has emerged as a revolutionary discipline,
driving innovation across medicine, environmental science,
defense, electronics, and industrial sectors. Its ability to
manipulate matter at the nanoscale has led to the development
of materials with novel physicochemical properties that are not
possible at the bulk scale. Among these, nanoparticles—
especially metallic and magnetic types—have shown significant
potential in targeted drug delivery, diagnostic imaging, pollution
remediation, and food safety.

The synthesis of nanoparticles through both conventional and
green routes enables researchers to tailor size, shape, and
surface properties for specific applications. Green synthesis, in
particular, offers a sustainable and biocompatible alternative,
aligning with growing global interest in eco-friendly technologies.
Characterization techniques like TEM, SEM, XRD, FTIR, and DLS
are indispensable in confirming the quality and functional
properties of synthesized nanomaterials.

Despite its rapid growth and diverse applications,
nanotechnology still faces challenges related to toxicity,
environmental safety, regulatory frameworks, and scalable
production. Addressing these issues will require interdisciplinary
collaboration, standardized safety protocols, and continuous
investment in research and development.

In conclusion, nanotechnology holds immense promise for
shaping future technologies, particularly in biomedical sciences
and environmental sustainability. With responsible innovation
and ethical deployment, it can serve as a transformative tool in
solving some of the world’s most pressing problems.
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