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Abstract : Nanoparticles (NPs) have emerged as versatile and technologically important materials
because of their nanoscale dimensions and distinctive physicochemical characteristics. Their high
specific surface area, tunable morphology, surface reactivity, optical behavior, and size-dependent
properties enable them to exhibit functionalities that are often significantly different from those of bulk
materials. Recent advances in nanoparticle research have led to the development of diverse synthesis
strategies, including physical, chemical, biological, and green approaches, offering control over
particle size, shape, composition, and surface characteristics. This review provides an updated
overview of the major methods employed for nanoparticle synthesis and highlights important
characterization techniques used to evaluate their structural, morphological, optical, and chemical
properties. Particular emphasis is placed on their growing applications in biomedical sciences,
environmental remediation, agriculture, catalysis, energy, and electronic technologies. The potential
of nanoparticles in antimicrobial therapy, drug delivery, biosensing, pollutant degradation, crop
protection, and advanced functional materials is also discussed. Despite their promising applications,
challenges related to aggregation, reproducibility, large-scale production, stability, environmental
impact, and potential toxicity remain significant. Future research should therefore focus on
sustainable synthesis, improved safety profiles, multifunctional nanomaterials, and scalable
production technologies. Overall, nanoparticles represent a rapidly evolving platform with
considerable potential for addressing emerging challenges in science, healthcare, industry, and
environmental sustainability.
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L. INTRODUCTION

Nanotechnology represents one of the most rapidly developing areas of modern science and involves the design,
fabrication, characterization, and utilization of materials at dimensions generally ranging from approximately 1 to 100
nm. At this scale, materials frequently exhibit physicochemical characteristics that are substantially different from those
observed in their bulk forms. Nanoparticles (NPs) are therefore regarded as important building blocks of
nanotechnology and have attracted considerable scientific interest because of their small size, large surface-to-volume
ratio, enhanced surface energy, tunable morphology, and distinctive optical, electrical, magnetic, catalytic, and
biological properties [1-3].

The exceptional characteristics of nanoparticles arise from the increased proportion of surface atoms and, in some
systems, size-dependent quantum effects. By modifying particle size, shape, composmon surface chemistry, and
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functional groups, researchers can tailor nanoparticles for specific applications. This versatility has resulted in their
incorporation into numerous fields, including pharmaceutical sciences, medicine, environmental engineering,
agriculture, food technology, catalysis, energy conversion, sensors, and electronic devices.

The development of nanoparticle synthesis has progressed from conventional physical and chemical techniques toward
biological and environmentally sustainable approaches. In particular, green synthesis using plant extracts,
microorganisms, enzymes, and other biological materials has gained considerable attention because it can reduce the
dependence on hazardous reducing and stabilizing agents. Such approaches may offer advantages in terms of
simplicity, cost-effectiveness, environmental compatibility, and biological activity.

The present review summarizes major nanoparticle synthesis strategies, important characterization techniques,
functional properties, and emerging applications. Particular attention is given to green synthesis, biomedical
applications, environmental remediation, agricultural technologies, electronics, energy-related applications, and the
challenges associated with nanoparticle safety and large-scale utilization.

I1. CLASSIFICATION AND GENERAL FEATURES OF NANOPARTICLES
Nanoparticles can be classified according to their chemical composition, morphology, dimensionality, and origin.
Common categories include metallic nanoparticles, metal oxide nanoparticles, semiconductor nanoparticles, carbon-
based nanomaterials, polymeric nanoparticles, lipid-based nanocarriers, and biologically derived nanomaterials.
Table 1. Major classes of nanoparticles and their characteristic features

Impact Factor: 8.2

Nanoparticle class Representative examples Important characteristics Major applications

Metallic Ag, Au, Pt, Cu High surface activity, optical | Antimicrobial agents,
nanoparticles and catalytic properties catalysis, sensors

Metal oxide | ZnO, TiO,, Fe30,4, CuO Semiconducting, magnetic or | Photocatalysis, medicine,
nanoparticles photocatalytic behavior environmental treatment
Semiconductor CdS, ZnS, quantum dots Size-dependent optical and | Imaging, Sensors,
nanoparticles electronic properties optoelectronics

Carbon-based Graphene, fullerenes, carbon | High mechanical strength and | Energy storage, electronics,
nanomaterials nanotubes electrical conductivity composites

Polymeric PLGA, chitosan-based | Biocompatibility and controlled | Drug delivery, gene delivery
nanoparticles systems release

Lipid-based Liposomes, solid lipid | Good drug encapsulation and | Pharmaceutical delivery
nanocarriers nanoparticles biocompatibility

Bio-derived Plant-, microbial-, or | Potentially sustainable and | Biomedical and
nanoparticles biomolecule-mediated NPs biocompatible environmental applications

III. METHODS OF NANOPARTICLE SYNTHESIS
The preparation of nanoparticles is generally based on two fundamental strategies: top-down and bottom-up
approaches. The choice of synthesis method influences particle size, morphology, crystallinity, surface chemistry,
dispersibility, and functional performance.
3.1 Top-Down Approaches
Top-down synthesis involves converting a larger bulk material into nanoscale structures through physical or
mechanical processes. The bulk material is progressively reduced in size until nanoparticles are obtained.
3.1.1 Ball Milling
Ball milling is a mechanical technique in which bulk materials are subjected to repeated impact and friction using
milling balls. The process can produce nanoparticles through progressive size reduction. It is relatively simple and can
be adapted for large-scale production; however, contamination, irregular morphology, and broad particle-size
distributions may occur.
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3.1.2 Laser Ablation
Laser ablation involves directing a high-energy laser beam onto a solid target. The intense energy causes localized
vaporization, followed by cooling and condensation of the ejected material to generate nanoparticles. This method can
produce relatively pure nanoparticles because the use of chemical reducing agents can be minimized.
3.1.3 Lithographic Techniques
Lithography employs radiation, such as ultraviolet light or electron beams, to create nanoscale patterns on a substrate.
Although highly useful for nanofabrication and electronic devices, lithographic methods may require sophisticated
equipment and controlled processing conditions.
3.2 Bottom-Up Approaches
Bottom-up techniques construct nanoparticles from atoms, ions, molecules, or molecular clusters. Nucleation followed
by controlled growth leads to the formation of nanoscale structures.
3.2.1 Sol-Gel Method
The sol-gel process involves hydrolysis and condensation of suitable molecular precursors followed by the formation of
a sol and subsequently a gel. Drying and thermal treatment can produce nanoparticles with controlled composition and
crystallinity.
3.2.2 Chemical Reduction
Metal ions are converted into metallic nanoparticles using reducing agents, while stabilizing or capping agents are
frequently employed to prevent excessive aggregation. The method is versatile and allows considerable control over
particle size and morphology.
3.2.3 Chemical Vapor Deposition
In chemical vapor deposition, gaseous precursors undergo decomposition or chemical reactions on a substrate or within
a reaction chamber, producing nanoscale materials. The technique is particularly important in semiconductor and
advanced materials industries.
3.2.4 Biological and Green Synthesis
Green synthesis represents an environmentally conscious alternative in which biological resources act as reducing,
stabilizing, or capping agents. Plant extracts, microorganisms, proteins, enzymes, polysaccharides, and other
biomolecules can participate in nanoparticle formation. Plant-mediated synthesis has become particularly attractive
because plant materials contain diverse phytochemicals capable of reducing metal ions and stabilizing the resulting
nanoparticles [11-13].

Table 2. Comparison of major nanoparticle synthesis approaches

Synthesis Principle Major advantages Important limitations

approach

Ball milling Mechanical size reduction Simple, scalable Possible contamination and

irregular particles
Laser ablation Laser-induced vaporization | High purity, fewer chemical | Expensive instrumentation
additives

Lithography Nanoscale pattern formation | Excellent structural control Costly and technically demanding

Sol-gel Hydrolysis and | Good compositional control | Drying and thermal treatment may
condensation be required

Chemical Reduction of precursor ions | Rapid and versatile May involve toxic chemicals

reduction

CVD Gas-phase precursor | High-quality materials Requires specialized equipment
reaction

Green synthesis | Biological reduction and | Sustainable and relatively | Reproducibility and scale-up can be
stabilization eco-friendly challenging
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IV. GREEN SYNTHESIS OF NANOPARTICLES

The increasing concern regarding chemical waste, hazardous reagents, and energy consumption has encouraged the
development of sustainable nanoparticle production methods. Green synthesis utilizes naturally occurring biological
molecules as functional agents during nanoparticle formation.
Plant extracts are particularly attractive because they contain phytochemicals such as polyphenols, flavonoids,
terpenoids, proteins, alkaloids, sugars, and organic acids. These compounds can participate in the reduction of metal
ions and subsequently stabilize the newly formed nanoparticles.
The general process may be represented as:
Metal precursor — Reduction by biomolecules — Nucleation — Particle growth — Stabilization/capping —
Nanoparticles
Plant-mediated synthesis may provide several benefits, including reduced chemical toxicity, simple processing,
renewable raw materials, and the possibility of introducing biologically active surface molecules onto the nanoparticles.

Table 3. Biological resources used in green nanoparticle synthesis

Biological source | Representative bioactive components | Potential role

Plant leaves Polyphenols, flavonoids, terpenoids Reduction and stabilization

Fruits Organic acids, sugars, phenolics Reduction and capping

Roots Alkaloids, phenolics Reduction and surface stabilization
Microorganisms | Proteins, enzymes, metabolites Bioreduction and particle formation
Fungi Enzymes and extracellular metabolites | Nanoparticle synthesis

Algae Proteins, polysaccharides, pigments Reduction and stabilization

V. FACTORS AFFECTING NANOPARTICLE FORMATION

The characteristics of synthesized nanoparticles depend strongly on the reaction environment. Small variations in
synthesis conditions can significantly influence particle size, morphology, crystallinity, and stability.
Important parameters include:

e  Concentration of the precursor

e Nature and concentration of the reducing agent

e pH of the reaction medium

e Reaction temperature

e Reaction time

e Ratio of biological extract to precursor

e  Agitation rate

e Nature of the stabilizing or capping molecules

e [onic strength of the reaction medium
Control over these parameters is essential for obtaining reproducible nanoparticles with desired physicochemical
characteristics.

VI. CHARACTERIZATION OF NANOPARTICLES
Characterization is an essential component of nanoparticle research because synthesis alone does not establish the
identity, structure, size, morphology, or stability of the resulting material. A combination of analytical techniques is
generally required to obtain a comprehensive understanding of nanoparticle properties [14—15].
6.1 UV-Visible Spectroscopy
UV-Visible spectroscopy is widely employed to monitor nanoparticle formation and investigate optical properties.
Metallic nanoparticles may display characteristic surface plasmon resonance bands, while semiconductor nanoparticles
can show absorption features associated with their electronic structure.
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6.2 Fourier Transform Infrared Spectroscopy
FTIR spectroscopy provides information regarding functional groups associated with nanoparticle surfaces. It is
particularly useful in green synthesis for identifying biomolecules involved in reduction and capping.
6.3 X-Ray Diffraction
XRD is used to determine crystalline structure, phase composition, and crystallinity. The diffraction pattern can also be
used to estimate crystallite size through appropriate mathematical relationships.
6.4 Transmission Electron Microscopy
TEM provides high-resolution information concerning particle morphology and size. It can reveal individual
nanoparticles and their degree of aggregation.
6.5 Scanning Electron Microscopy
SEM provides information about surface morphology, particle shape, and structural characteristics. When coupled with
energy-dispersive X-ray spectroscopy, elemental composition can also be investigated.
6.6 Dynamic Light Scattering
DLS measures the hydrodynamic diameter and size distribution of nanoparticles dispersed in a liquid medium. It is
especially valuable for evaluating aggregation and colloidal stability.
6.7 Zeta Potential
Zeta-potential measurements provide information about surface charge and colloidal stability. Higher absolute zeta-
potential values generally indicate greater electrostatic repulsion between particles.

Table 4. Important techniques for nanoparticle characterization

Technique Principal information obtained

UV-Visible spectroscopy | Optical absorption and formation monitoring
FTIR Functional groups and surface interactions
XRD Crystal structure, phase and crystallinity
TEM Particle size and morphology

SEM Surface morphology and particle distribution
EDX/EDS Elemental composition

DLS Hydrodynamic particle size and distribution
Zeta potential Surface charge and colloidal stability

TGA Thermal stability and organic content

XPS Surface elemental composition and chemical states

VII. IMPORTANT PROPERTIES OF NANOPARTICLES
The technological importance of nanoparticles is strongly associated with their distinctive properties.
7.1 Large Specific Surface Area
As particle dimensions decrease, the surface area available for chemical interactions increases considerably. This
characteristic enhances adsorption, catalytic activity, and interaction with biological systems.
7.2 Optical Properties
Nanoparticles may display unique absorption, scattering, fluorescence, and plasmonic behavior. These properties have
encouraged their application in imaging, sensing, diagnostics, and photonic technologies.
7.3 Magnetic Properties
Magnetic nanoparticles such as iron oxide systems can exhibit size-dependent magnetic behavior. These materials have
applications in magnetic separation, imaging, targeted delivery, and other biomedical technologies.
7.4 Catalytic Activity
The high surface-to-volume ratio and abundance of active surface sites can enhance catalytic performance.
Nanoparticles are therefore extensively investigated for chemical transformation and environmental pollutant
degradation.
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7.5 Electrical and Electronic Properties
Nanomaterials can exhibit altered conductivity, charge transport, and electronic characteristics compared with their
bulk counterparts. Such properties are useful in sensors, conductive materials, energy storage, and electronic devices.

VIII. APPLICATIONS OF NANOPARTICLES
The multifunctional nature of nanoparticles has enabled their integration into diverse scientific and industrial sectors
[16-22].
8.1 Biomedical and Pharmaceutical Applications
8.1.1 Drug Delivery
Nanoparticle-based drug delivery systems can improve the aqueous solubility, stability, bioavailability, and controlled
release of therapeutic compounds. Surface modification can also facilitate interaction with specific biological targets.
Polymeric nanoparticles, liposomes, dendrimers, and lipid-based systems are among the extensively investigated
nanocarriers.
8.1.2 Medical Imaging and Diagnosis
Nanoparticles can function as contrast-enhancing or signal-generating materials in diagnostic technologies. Magnetic
nanoparticles, for example, have been investigated for magnetic resonance imaging, while gold-based and other
nanomaterials have applications in optical and biosensing platforms.
8.1.3 Cancer Management
Nanotechnology provides opportunities for improving the localization and delivery of anticancer agents. Nanocarriers
can be engineered to transport therapeutic molecules and release them under particular physiological or externally
applied conditions. Nanoparticles are also being explored in photothermal and other localized therapeutic strategies.
8.1.4 Antimicrobial Applications
Certain nanoparticles, particularly silver, zinc oxide, copper oxide, and related materials, exhibit antimicrobial
properties. Their activity may involve membrane disruption, oxidative stress, interaction with biomolecules, or release
of active ions. These materials are consequently being investigated for antimicrobial coatings, wound-care materials,
packaging, and related applications.

8.2 Environmental Applications

Nanoparticles have considerable potential for environmental protection because of their high surface reactivity and
adsorption capacity.

8.2.1 Water Purification

Nanomaterials can remove contaminants through adsorption, catalytic transformation, membrane separation, or
photocatalytic degradation. Iron-based nanoparticles, activated nanomaterials, metal oxides, and nanocomposite
membranes have been investigated for removal of heavy metals, dyes, microorganisms, and organic contaminants.

8.2.2 Photocatalytic Degradation

Semiconductor nanoparticles such as TiO, and ZnO can generate reactive species under appropriate irradiation
conditions. These reactive species can facilitate the degradation of selected organic pollutants and dyes.

8.2.3 Air Pollution Control

Nanostructured catalytic and adsorptive materials can interact with gaseous pollutants and particulate contaminants.
Their high surface activity makes them useful components of advanced filtration and catalytic purification systems.

8.3 Agricultural Applications

Nanotechnology is increasingly being investigated for improving agricultural productivity and resource-use efficiency.
8.3.1 Nanofertilizers

Nanomaterials can be incorporated into nutrient-delivery systems to regulate the release of essential elements.
Controlled nutrient availability may improve nutrient-use efficiency and potentially reduce losses to soil and water.
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8.3.2 Nanopesticides

Nanocarriers can protect active agricultural ingredients and regulate their delivery. This approach may improve the
persistence and targeted action of pesticides while reducing unnecessary application.

8.3.3 Plant Growth and Crop Protection

Selected nanomaterials are being investigated for their potential effects on seed germination, plant development,
nutrient utilization, and resistance to environmental stress. However, concentration-dependent effects and possible
phytotoxicity require careful assessment.

8.4 Food and Packaging Applications

Nanoparticles and nanocomposites have been investigated for active packaging, antimicrobial surfaces, barrier
enhancement, and food-quality monitoring. Nanostructured materials can potentially improve protection against
oxygen, moisture, and microbial contamination.

8.5 Industrial and Electronic Applications

8.5.1 Conductive Materials

Silver, copper, and other conductive nanoparticles can be incorporated into inks and coatings for printed electronic

circuits. Their nanoscale dimensions facilitate the fabrication of lightweight and flexible electronic components.

8.5.2 Sensors

The large surface area and tunable electrical or optical properties of nanoparticles make them valuable in chemical,

biological, and environmental sensing. Nanoparticle-based sensors can provide sensitive responses to selected analytes.

8.5.3 Energy Storage

Nanostructured electrodes have been investigated for batteries, supercapacitors, and related energy-storage systems.

Reduced diffusion distances and increased active surface area can contribute to improved electrochemical performance.
Table 5. Major applications of nanoparticles

Field Nanoparticle-based application | Expected benefit

Medicine Drug delivery Controlled and targeted delivery
Cancer research | Therapeutic nanocarriers Improved localization of treatment
Diagnostics Biosensors and imaging Enhanced detection

Environment Water purification Removal of pollutants

Photocatalysis Dye and pollutant degradation | Environmental remediation
Agriculture Nanofertilizers Improved nutrient-use efficiency
Agriculture Nanopesticides Controlled pesticide delivery
Electronics Conductive inks Flexible electronic fabrication
Energy Battery electrodes Improved electrochemical performance
Food technology | Antimicrobial packaging Improved product protection
Catalysis Nanocatalysts Increased surface reactivity

Textile industry | Functional nanocoatings Antimicrobial and protective surfaces

IX. ADVANTAGES OF NANOPARTICLE TECHNOLOGY

A ol e
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Nanoparticle-based technologies offer several potential advantages:
Enhanced surface area and surface reactivity.
Tunable particle size and morphology.
Improved optical, electrical, magnetic, and catalytic properties.
Potential for controlled and targeted delivery of active substances.
Improved adsorption and pollutant-removal capabilities.

7. Opportunities for multifunctional material development.
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8. Potential reduction in material consumption in selected applications.
9. Compatibility with advanced sensing and electronic technologies.

X. LIMITATIONS AND CHALLENGES

Despite their considerable potential, the transition of nanoparticles from laboratory research to widespread practical
applications remains associated with several challenges.
10.1 Nanotoxicity
The small dimensions, high surface reactivity, and ability to interact with cellular components may result in biological
effects that differ from those of bulk materials. Toxicity can depend on particle size, composition, surface chemistry,
dose, exposure route, and duration.
10.2 Aggregation and Stability
Nanoparticles have a strong tendency to aggregate because of their high surface energy. Aggregation can alter their
effective size and consequently reduce or change their functional performance.
10.3 Reproducibility
Variations in precursor concentration, pH, temperature, reaction time, and stabilizing molecules can result in significant
changes in nanoparticle characteristics. Establishing standardized synthesis and characterization protocols remains
important.
10.4 Scale-Up
A synthesis procedure that works effectively at laboratory scale may not produce identical particles during industrial-
scale manufacturing. Maintaining uniform size, morphology, purity, and surface properties during scale-up is a major
challenge.
10.5 Environmental Fate
After use, nanoparticles may enter soil, water, air, or biological systems. Their persistence, transformation, mobility,
and interactions with organisms require systematic investigation.
10.6 Regulatory Considerations
The rapid development of nanotechnology has created a need for appropriate guidelines addressing characterization,
exposure assessment, environmental safety, occupational handling, and product-specific risk evaluation.

Table 6. Major challenges and possible research directions

Challenge Consequence Possible research direction

Toxicity Potential biological and ecological effects | Safer-by-design nanoparticles

Aggregation Reduced stability and altered activity Surface modification and stabilization
Reproducibility Variation between batches Standardized synthesis protocols

Scale-up Difficulty maintaining uniform properties | Process optimization and continuous synthesis
Environmental release | Possible ecological accumulation Life-cycle and environmental assessment
Regulatory uncertainty | Difficulties in commercialization Harmonized testing and regulatory frameworks
High production cost Limited industrial adoption Low-cost and sustainable synthesis

Long-term stability Loss of functional performance Improved storage and surface engineering

XI. FUTURE PERSPECTIVES
The future development of nanoparticle technology is expected to move increasingly toward sustainable,
multifunctional, precise, and application-specific nanomaterials. Green synthesis is likely to receive continued attention
because of the increasing demand for environmentally responsible production technologies.
Future research should focus on improving the reproducibility of biological synthesis, understanding the molecular
mechanisms involved in nanoparticle formation, and developing scalable manufacturing procedures. Advanced surface
engineering may enable nanoparticles to respond selectively to particular biological, chemical, thermal, or optical
stimuli.
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The integration of nanotechnology with artificial intelligence, biotechnology, advanced materials science, and precision
medicine may further expand its applications. Smart nanocarriers, multifunctional biosensors, nanocomposites,
photocatalytic materials, energy-storage systems, and environmentally responsive nanoparticles represent important
areas for future investigation.

An important emerging concept is “safe and sustainable by design,” in which safety, environmental impact, energy
consumption, and end-of-life considerations are incorporated into nanoparticle development from the earliest stages of
research. Such an approach can support responsible commercialization while minimizing potential risks.

XII. CONCLUSION
Nanoparticles have become fundamental components of contemporary nanoscience because their nanoscale dimensions
provide distinctive physicochemical and biological characteristics. Advances in top-down, bottom-up, and biological
synthesis strategies have enabled researchers to produce nanoparticles with tailored size, morphology, composition,
surface chemistry, and functionality.
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