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Nanotechnology has revolutionized materials science, enabling the development of nanoparticles, 
nanocomposites and nanomaterials with superior mechanical, electrical, optical and thermal properties 

for applications in medicine, electronics, energy and environmental sustainability. The data were taken 
from recent publications available via Scopus, Web of Science and Google Scholar. This review 
examines their classification, synthesis methods, key properties and applications and highlights the role 
of metal, metal oxide, carbon-based, polymeric and quantum dot nanoparticles in biomedicine, catalysis 
and nanoelectronics. Synthesis techniques are categorized into top-down (ball milling, lithography, laser 
ablation) and bottom-up approaches (sol-gel, chemical vapor deposition, biological synthesis), each 
offering unique advantages in terms of scalability and precision. Nanocomposites, including polymer-
based, metal-based and ceramic-based types, incorporate nanofillers to improve mechanical strength, 
thermal stability and electrical conductivity, using fabrication methods such as in-situ polymerization. 

Functionalization further expands their applications in drug delivery, flexible electronics, and advanced 
coatings. However, challenges related to toxicity, environmental impact, scalability, and regulations 
persist, necessitating sustainable synthesis, AI-driven material design, and stringent ethical standards. 
Addressing these issues is key to unlocking nanotechnology’s full potential for next-generation 
industrial and scientific advancements. 
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Introduction 

Nanotechnology, defined as the scientific discipline 

focused on the manipulation of matter at the 

atomic and molecular scale, has emerged as a 

transformative domain possessing significant 

ramifications across diverse sectors. Through the 

precise alteration of materials at the nanoscale (1-

100 nm), scholars have identified distinctive 

physical, chemical, and mechanical characteristics 

that are not present in their bulk counterparts [1]. 

These advancements have precipitated ground-

breaking innovations in the realms of medicine, 

electronics, energy, and environmental science, 

thereby facilitating the creation of highly effective 

sensors, targeted drug delivery mechanisms, and 

advanced energy storage systems [2]. The capacity 

to customize material attributes at such a 

diminutive scale has rendered nanotechnology a 

pivotal catalyst for innovation in the 21st century 

[3]. 

At the heart of nanotechnology are nanoparticles, 

nanocomposites and nanomaterials, all of which 

play a crucial role in the advancement of materials 

science. Nanoparticles are ultrafine materials with 

at least one dimension less than 100 nm that exhibit 

remarkable optical, electrical and catalytic 

properties due to their large surface-to-volume 

ratio and quantum effects [4]. Nanocomposites 

contain nanoparticles in a main matrix, such as 

polymers, metals or ceramics, and improve 

mechanical strength, thermal stability and 

conductivity [5]. Meanwhile, nanomaterials 

comprising zero-dimensional (0D), one-

dimensional (1D) and two-dimensional (2D) 

structures have enabled breakthrough applications 

in biomedical engineering, nanoelectronics and 

environmental remediation [6, 7]. 

Given the increasing importance of these materials, 

this review aims to provide a comprehensive 

analysis of their classification, synthesis methods 

and functional properties. The discussion covers 

their diverse applications in areas such as health, 

energy, electronics and industry, and shows how 

nanotechnology is reshaping modern science and 

technology. It also highlights existing challenges in 

the field, including concerns about toxicity, 

scalability and regulatory hurdles that need to be 

addressed for widespread commercialization [8, 9]. 

The review article is structured to provide a 

comprehensive understanding of the 

nanoengineered materials by describing the 

classification and properties of nanoparticles, 

nanocomposites and nanomaterials, followed by an 

overview of their manufacturing techniques. 

Moreover, discusses their diverse applications in 

various industries, highlighting their advantages 

over conventional materials. Finally, the article 

discusses the challenges that stand in the way of 

large-scale implementation and the future 

directions of nanotechnology research, providing 

insights into its enormous potential for shaping the 

future of materials science. 

 

Nanoparticles: Types, Synthesis, and 

Properties 

Types of Nanoparticles 

Metal and Metal Oxide Nanoparticles 

Metal and metal oxide nanoparticles exhibit distinct 

optical, electrical, and catalytic characteristics that 

render them exceedingly valuable in the domains of 

medicine, electronics, and environmental science. 

The utilization of gold and silver nanoparticles is 

prevalent in applications such as drug delivery, 

imaging [10], and the formulation of antimicrobial 

coatings [11], while iron oxide nanoparticles 

facilitate advancements in magnetic resonance 

imaging (MRI) and targeted therapeutic drug 

administration [12]. Metal oxides, including 

titanium dioxide (TiO₂) and zinc oxide (ZnO), are 

integral to processes such as photocatalysis, the 

development of UV-blocking sunscreens [13], and 

the degradation of pollutants [14], thereby 

enhancing energy efficiency and promoting 

environmental sustainability [15]. 

 

Carbon-Based Nanoparticles 

(Fullerenes, Graphene, CNTs) 

Carbon-based nanoparticles, encompassing 

fullerenes, graphene, and carbon nanotubes 

(CNTs), exhibit remarkable mechanical robustness, 

exceptional electrical conductivity, and significant 

thermal stability, which render them highly suitable 

for applications in nanoelectronics, energy storage, 

and biomedicine. Graphene, characterized as a 

monolayer of carbon atoms, is extensively 
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employed in flexible electronic devices, sensing 

technologies, and high-performance composites 

owing to its expansive surface area and 

unparalleled conductivity [16, 17]. CNTs, 

recognized for their superior tensile strength and 

conductivity, find applications in structural 

materials, transistors, and drug delivery 

mechanisms, thereby substantially enhancing 

performance across diverse industrial sectors [18]. 

 

Polymeric Nanoparticles 

Polymeric nanoparticles composed of 

biodegradable polymers, including polylactic acid 

(PLA), polycaprolactone (PCL), and chitosan, are 

extensively employed in the fields of biomedicine, 

drug delivery, and tissue engineering. These 

nanoparticles facilitate the controlled release of 

therapeutics, enhance biocompatibility, and enable 

targeted delivery [19], thereby mitigating adverse 

effects and augmenting therapeutic efficacy [20]. 

Their applicability is further diversified to 

encompass gene therapy, vaccine delivery systems, 

and cosmetic formulations, providing safer and 

more effective alternatives to traditional drug 

carriers [21]. 

 

Quantum Dots 

Quantum dots (QDs) are semiconductor 

nanoparticles that exhibit size-dependent optical 

and electronic properties, making them invaluable 

for bioimaging, optoelectronics and quantum 

computing [22]. Their high fluorescence efficiency 

and tuneable emission spectra improve the 

performance of LEDs, solar cells and medical 

diagnostics [23]. QDs are particularly important for 

cancer detection and biosensors as they offer highly 

sensitive and precise imaging capabilities [24]. 

However, concerns over toxicity and environmental 

impact, particularly with cadmium-based QDs, have 

driven research towards biodegradable and less 

toxic alternatives [25]. 

 

Synthesis Methods of Nanoparticles 

The synthesis of nanoparticles can be roughly 

divided into top-down and bottom-up approaches. 

In top-down methods, bulk materials are broken 

down into nano-sized particles by mechanical or 

lithographic techniques, while bottom-up 

approaches focus on the assembly of nanoparticles 

from atomic or molecular starting materials by 

chemical reactions or deposition processes [1, 26]. 

The choice of synthesis method has a significant 

impact on the size, shape and surface properties of 

the nanoparticles, which in turn determine their 

applications [27]. 

 

Top-Down Approaches 

In top-down methodologies, bulk materials are 

meticulously diminished to the nanoscale through 

the application of various physical techniques, 

including mechanical milling, thermal ablation, or 

lithographic structuring. Mechanical techniques, 

exemplified by ball milling, entail a series of 

repetitive collisions that fragment bulk materials 

into nanoparticles; however, excessive mechanical 

stress may induce surface imperfections, irregular 

morphologies, and a wide distribution of particle 

sizes [28]. Thermal methodologies, encompassing 

laser ablation and sputtering, employ high-energy 

beams to vaporize and subsequently condense 

materials into nanoscale architectures [29]. These 

techniques provide a high degree of compositional 

control but frequently necessitate substantial 

energy input. Lithographic techniques, such as 

electron beam lithography and photolithography, 

facilitate the fabrication of precisely defined 

nanostructures with regulated patterns; 

nevertheless, they are often constrained by 

scalability [30] and associated high costs [31]. 

Notwithstanding their capacity to yield well-

defined structures, top-down approaches 

frequently result in surface defects, structural 

inconsistencies, and uncontrolled variations in size, 

which may adversely affect the properties and 

performance of nanoparticles in various 

applications [28]. 

 

Ball Milling 

 In this mechanical technique, known as ball milling, 

the grinding balls repeatedly impact the bulk 

material with high energy and gradually crush it into 

nanoscale particles. The process is usually carried 

out in a rotating cylindrical chamber in which metal 
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or ceramic balls impact the material with sufficient 

force to cause breakage, resulting in the formation 

of nanoparticles. Ball milling is widely used for the 

synthesis of metal and ceramic nanoparticles due to 

its cost-effectiveness, scalability and simplicity, 

making it suitable for large-scale production [32]. In 

addition, this method can be adapted for both wet 

and dry milling and allows the addition of solvents 

or surfactants to modify the morphology of the 

particles and reduce agglomeration [33]. However, 

despite its advantages, ball milling offers only 

limited control over particle size distribution, as the 

nanoparticles produced often exhibit large size 

differences and irregular shapes. In addition, the 

intense mechanical stress may introduce structural 

defects, contamination from the milling, and 

unwanted oxidation of reactive metals, which can 

alter the structural properties of the synthesized 

nanoparticles [28]. 

 

Lithography  

Lithographic patterning is an important technique 

in semiconductor manufacturing and the 

production of nanodevices, in which high-precision 

structures are created on a nanoscale by etching 

patterns [34]. A designed pattern is transferred to a 

substrate using electron beam lithography (EBL) or 

photolithography, followed by etching or 

deposition processes. EBL uses a focussed electron 

beam to create patterns with a resolution of less 

than 10 nm. It offers exceptional precision but is 

slow and costly, making it unsuitable for mass 

production [35]. Photolithography, which exposes 

UV light through a patterned mask, is widely used 

in integrated circuit manufacturing and offers 

higher throughput, but is limited by light diffraction, 

which restricts the minimum size of patterns [36]. 

Although these methods allow precise and 

reproducible nanostructuring, they are still 

expensive and time consuming and require 

sophisticated equipment [37]. To overcome these 

limitations, new techniques such as nanoimprint 

lithography (NIL) and soft lithography are currently 

being developed for the cost-effective production 

of high-throughput nanostructures [38]. 

 

 

 

Laser Ablation 

Laser ablation represents a highly effective top-

down methodology for the generation of 

nanoparticles, wherein a high-energy laser beam is 

utilized to irradiate and vaporize a bulk material 

within a controlled environment, such as a vacuum 

or a liquid medium. The application of intense laser 

pulses induces localized thermal effects that result 

in the rapid vaporization or plasma generation of 

the target material, subsequently leading to the 

condensation of nanoparticles. This method is 

particularly beneficial for the fabrication of high-

purity metal and metal oxide nanoparticles, as it 

obviates the need for chemical precursors, thereby 

diminishing the likelihood of contamination [39]. 

Furthermore, laser ablation facilitates precise 

manipulation of the size and composition of the 

nanoparticles by varying laser parameters, 

including wavelength, pulse duration, and energy 

intensity [39]. Owing to the superior quality of the 

nanoparticles produced through this technique, it is 

frequently employed in fields such as catalysis, 

biomedicine, and advanced coatings [[40]. 

However, this method requires specialized laser 

systems, precise control of experimental conditions 

and significant energy input, making it costly and 

complex compared to conventional chemical 

synthesis techniques [41]. Despite these 

challenges, ongoing research in pulse shaping, laser 

fluence optimization, and multi-pulse ablation 

strategies continues to improve the scalability and 

efficiency of this method for large-scale 

nanoparticle production [42]. 

 

Bottom-Up Approaches 

In bottom-up approaches, nanoparticles are 

synthesized by assembling atoms or molecules 

through chemical, biological or physical processes, 

allowing precise control over size, shape and 

composition. These methods, including sol-gel 

synthesis, chemical vapor deposition (CVD) [43] and 

biological synthesis [44], enable the production of 

highly uniform nanoparticles with tailored 

properties that are ideal for high-performance 

applications in medicine, electronics and catalysis. 

Chemical methods such as precipitation and 

hydrothermal synthesis enable fine-tuned 

nanoparticle engineering, while biological 
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approaches using microorganisms or plant extracts 

offer environmentally friendly alternatives [45]. 

Physical techniques such as vapor deposition 

ensure high purity and structural integrity. The 

ability to precisely design nanoparticles at the 

atomic level makes bottom-up synthesis 

particularly valuable for drug delivery, 

nanoelectronics and energy storage, where 

uniformity and functionality are essential [46]. 

 

Sol-Gel Process 

The sol-gel technique represents a prevalent wet-

chemical synthesis methodology in which metallic 

precursors, commonly metal alkoxides or metal 

salts, undergo hydrolysis and subsequent 

condensation reactions to establish a three-

dimensional gel network within a liquid medium. 

This gel is characterized by a porous architecture 

that encompasses solvent molecules. Following 

this, the gel undergoes drying and calcination 

processes to eliminate residual solvent and organic 

constituents, culminating in the formation of 

nanoparticles with meticulously controlled 

composition, morphology, and exceptional purity. 

The sol-gel technique is particularly beneficial for 

the synthesis of metal oxide nanoparticles as it 

facilitates precise regulation of particle dimensions, 

geometrical configurations, and surface 

characteristics by modulating reaction parameters 

such as pH, temperature, and precursor 

concentration. Owing to its adaptability, this 

methodology is extensively employed in coatings, 

catalysis, and biomedical applications where the 

demand for high purity and uniform nanoparticles 

is critical for enhanced performance. In addition, 

nanomaterials derived from sol-gel are often used 

for optical coatings, drug delivery systems and large 

surface area catalysts due to their adjustable 

porosity and flexible composition [47]. 

 

Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) represents a 

vapor-phase synthesis methodology wherein 

gaseous reactants (precursors) engage in chemical 

reactions upon a thermally activated substrate, 

leading to the generation of nanoparticles, thin 

films, or nanostructures with meticulous regulation 

of thickness, composition, and crystallinity. This 

technique is frequently employed in the production 

of carbon-based nanomaterials, including carbon 

nanotubes (CNTs), graphene, and diamond-like 

coatings, in addition to semiconductor 

nanomaterials such as silicon and gallium nitride, 

which are pivotal for applications in 

nanoelectronics, photovoltaics, and sensor 

technology. CVD is characterized by its high purity, 

remarkable uniformity, and scalability, rendering it 

particularly suitable for industrial applications [48]. 

Nevertheless, it necessitates stringent control over 

reaction parameters including temperature, 

pressure, and gas flow to ensure the reliable 

formation of nanostructures while minimizing 

defects and undesired by-products [49]. Variants 

such as plasma-enhanced CVD (PECVD) and metal-

organic CVD (MOCVD) further enhance process 

efficiency and facilitate the synthesis of composite 

materials [50]. 

 

Biological Synthesis 

Biological synthesis, often referred to as green 

synthesis, uses microorganisms, plant extracts or 

enzymes to produce nanoparticles in a sustainable 

and environmentally friendly way. In this method, 

biological agents act as reducing and stabilising 

units that convert metal precursors into 

nanoparticles under mild conditions, eliminating 

the need for hazardous chemicals [51]. The process 

of microbial synthesis involves the participation of 

bacteria, fungi or algae, which can facilitate the 

formation of nanoparticles via enzymatic or 

metabolic pathways [52], while plant synthesis uses 

phytochemicals such as flavonoids and polyphenols 

for the reduction and stabilization of nanoparticles 

[53]. This innovative method is attracting 

considerable attention in the fields of biomedicine, 

the environment and catalysis due to its 

biocompatibility, cost-effectiveness and low 

environmental impact [54]. In addition, biologically 

synthesised nanoparticles have special surface 

properties that make them particularly suitable for 

applications such as drug delivery, antibacterial 

agents, biosensors and water purification systems 

[55]. Despite these advantages, obstacles such as 
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scalability, consistent yield and process 

optimization need to be overcome to drive large-

scale applications [56]. 

 

Key Properties of Nanoparticles 

Optical, Electrical, Mechanical, and 

Magnetic Properties 

Nanoparticles display distinctive optical, electrical, 

mechanical, and magnetic characteristics 

attributable to their quantum phenomena and 

elevated surface-to-volume ratios. Their optical 

characteristics are contingent upon size, facilitating 

applications in bioimaging, sensor technology, and 

display systems [57]. The electrical attributes of 

materials such as graphene and carbon nanotubes 

are significantly enhanced, rendering them 

indispensable for nanoelectronics, transistors, and 

conductive coatings [58]. Mechanical 

characteristics such as exceptional strength and 

elasticity are evident in nanocomposites, fostering 

advancements in lightweight structural materials 

and abrasion-resistant coatings [59]. Magnetic 

nanoparticles, including iron oxide, demonstrate 

superparamagnetic behaviour, rendering them 

optimal for use as MRI contrast agents, in targeted 

drug delivery, and in magnetic data storage [60]. 

Surface Chemistry and Functionalization 

The high surface energy of nanoparticles makes 

their surface chemistry and functionalization crucial 

for stability, dispersion and reactivity in various 

applications [61]. Functionalization involves 

modifying the surface of nanoparticles with 

polymers, ligands or biomolecules to improve 

biocompatibility, solubility and targeting [62]. For 

example, functionalized gold nanoparticles improve 

targeted drug delivery and biosensing, while silica-

coated nanoparticles increase stability in aqueous 

solutions [63]. In addition, surface modifications 

play a crucial role in preventing agglomeration, 

tuning optical properties and improving catalytic 

efficiency [64], enabling their integration into 

nanomedicine [65], energy storage and 

environmental remediation [18].

 

Table 1: An Overview of Recent Advancements in Nanoparticle Researches and Applications 

Name of 

Nanoparticle 

Type of 

Nanoparticle 

Method of 

Synthesis 

Application Reference 

Gold Nanoparticles 

(AuNPs 

Metal-based Biological Cancer imaging and 

therapy 

[66] 

Bismuth-based 

Nanoparticles 

Metal-based Chemical Diverse 

applications in 

materials science 

[67] 

Selenium 

Nanoparticles 

Metal-based Biological Sustainable 

development 

applications 

[54] 

Bimetallic 

Nanoparticles 

Metal-based Biological Sustainable 

development 

applications 

[68] 

Organic 

Nanoparticles 

Carbon-based Chemical Optoelectronic 

devices 

[69] 
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Nanocomposites: Classification, 

Fabrication, and Properties 

Nanocomposites are multiphase materials that 

incorporate nanoscale reinforcements 

(nanoparticles, nanotubes or nanofibers) into a 

matrix material, resulting in improved mechanical, 

thermal, electrical and barrier properties compared 

to conventional composites [70]. These materials 

take advantage of the unique properties of 

nanofillers to develop lightweight, high-

performance materials for various applications, 

such as automotive, aerospace [71], electronics, 

biomedical devices and structural materials [72]. 

Classification of Nanocomposites 

Nanocomposites are classified according to their 

matrix material into polymer-based, metal-based 

and ceramic-based nanocomposites. Polymer-

based nanocomposites reinforced with carbon 

nanotubes, graphene or nanosheets improve 

mechanical strength, thermal stability and barrier 

properties [73], making them suitable for 

packaging, coatings and electronics [74]. Metal 

nanocomposites, which consist of metal matrices 

interspersed with nanoparticles such as ceramics or 

carbon nanostructures, exhibit improved 

conductivity, strength and wear resistance [75] and 

are widely used in aerospace, automotive and 

structural applications [76]. Ceramic 

nanocomposites containing metal or oxide 

nanoparticles offer high temperature stability, 

corrosion resistance and improved toughness [77], 

making them ideal for energy storage, catalysis and 

biomedical implants [78]. 

Fabrication Techniques 

Nanocomposites are produced using techniques 

that ensure uniform dispersion of the nanoparticles 

and strong interfacial bonding. In situ 

polymerization, nanoparticles are integrated into a 

polymer matrix during polymerization, resulting in 

improved adhesion and mechanical properties[79]. 

The sol-gel process, commonly used for ceramic 

and metallic nanocomposites, involves solution 

phase reactions that form a gel and provides 

precise control over the distribution of 

nanoparticles [80]. Melt blending, a scalable and 

cost-effective method, disperses nanofillers into 

molten polymers by shear blending, making it 

widely used in industrial plastic and composite 

manufacturing [81]. 

Key Properties and Enhancements 

Nanocomposites exhibit higher mechanical 

strength, thermal stability, electrical conductivity 

and barrier properties [82] due to the strong 

interactions between nanoparticles and matrix 

[83]. Tensile strength, impact strength and wear 

resistance are significantly improved by the 

incorporation of nanofillers, making them suitable 

for high-performance structural applications [84]. 

Their thermal stability improves fire resistance and 

heat dissipation, which is essential for applications 

in the automotive and aerospace industries [85]. In 

addition, electrically conductive nanocomposites, 

such as graphene-polymer hybrids, are crucial for 

flexible electronics, energy storage and EMI 

shielding [86]. These improved properties make 

nanocomposites next-generation materials for 

advanced technological applications. The Table 2 

below, highlight some fabricated nanoparticles and 

their relative applications. 
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Table 2: An Overview of Various Nanocomposites, Their Classifications, Fabrication Methods, and Applications 

Name of 

Nanocomposite 
Fabrication Method Application Reference 

Polymer–Metal 

Nanocomposite Films 

Various advanced 

fabrication 

techniques 

Energy and electronic 

applications 

[87] 

High-Performance 

Polymer 

Nanocomposites 

Incorporation of 

nanomaterials into 

polymers 

Automotive, aerospace, marine, 

and construction industries 

[88] 

High-Performance 

Polymer 

Nanocomposites 

Incorporation of 

nanomaterials into 

polymers 

Automotive, aerospace, marine, 

and construction industries 

[89] 

Polyimide–Nickel 

Nanocomposites 

Various fabrication 

techniques 

Nanoelectronics, catalysis, 

hydrogen storage 

[90] 

Silica/Polymer 

Nanocomposites 

Surface modification 

and functionalization 

Automotive, aerospace, marine, 

and construction industries 

[91] 

 

Nanomaterials: Advances and 

Functionalization 

Classification of Nanomaterials 

Nanomaterials are systematically classified 

according to their dimensional characteristics, 

which profoundly affect their inherent properties 

and potential applications. Zero-dimensional (0D) 

nanomaterials encompass nanoparticles and 

quantum dots, wherein all spatial dimensions are 

restricted to the nanoscale, thereby demonstrating 

distinctive optical and electronic characteristics 

attributable to quantum confinement phenomena 

[92]. One-dimensional (1D) nanomaterials, 

including nanotubes, nanorods, and nanowires, 

possess a significant aspect ratio, rendering them 

particularly suitable for applications in 

nanoelectronics, energy storage, and biomedicine 

[93]. Two-dimensional (2D) nanomaterials, such as 

graphene, MXenes, and transition metal 

dichalcogenides (TMDs), manifest extraordinary 

electronic, thermal, and mechanical properties that 

have facilitated advancements in flexible 

electronics, sensing technologies, and catalytic 

processes [94]. These classifications establish a 

foundation for the innovation of novel 

nanomaterials possessing customized 

functionalities for a diverse array of technological 

applications. 

 

Functionalization and Surface 

Modifications 

The functionalization of nanomaterials is of 

paramount importance in enhancing their stability, 

dispersibility, and biocompatibility, thereby 

facilitating their effective application in targeted 

domains. The modification of surfaces can be 

accomplished through chemical functionalization, 

which may involve covalent or non-covalent 

interactions, the application of polymer coatings, or 

ligand exchange methodologies, thereby optimizing 

the interactions of nanomaterials with biological or 

environmental systems [95]. For instance, the 

process of PEGylation, which involves the 

attachment of polyethylene glycol to nanoparticles, 
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significantly enhances their biocompatibility and 

prolongs their circulation time in drug delivery 

applications, whereas the modification of metal 

oxide nanoparticle surfaces with silane or thiol 

groups markedly improves their catalytic and 

sensory functionalities [96, 97]. Furthermore, 

techniques such as doping, the creation of 

heterostructures, and hybridization serve to 

expand the functional capabilities of 

nanomaterials, thereby opening avenues for 

advancements in the fields of medicine, energy 

storage, and environmental remediation [98]. 

 

Challenges in Large-Scale Production 

and Stability 

Despite remarkable progress in the synthesis and 

functionalization of nanomaterials, large-scale 

production remains a major challenge due to high 

manufacturing costs, reproducibility issues and 

environmental concerns [99]. Bottom-up 

approaches such as chemical vapour deposition 

(CVD) and sol-gel synthesis often require precise 

control of reaction conditions, making scalability 

difficult [80]. Top-down methods such as ball 

milling and lithography reach their limits in 

producing uniform nanomaterials with controlled 

properties [100]. In addition, the long-term stability 

of nanomaterials is an issue, as aggregation, 

oxidation and degradation can lead to loss of 

functionality over time [101]. Overcoming these 

challenges requires environmentally friendly 

synthesis methods, advanced manufacturing 

techniques and improved stabilization strategies to 

ensure safe and cost-effective commercialization of 

nanomaterials for various industries. 

 

Applications of Nanoparticles, 

Nanocomposites, and Nanomaterials 

Applications of Nanoparticles 

Nanoparticles have revolutionized various 

industries due to their unique optical, electrical, 

catalytic and antimicrobial properties. In 

biomedicine, gold and silver nanoparticles are used 

for drug delivery, imaging and cancer therapy, while 

iron oxide nanoparticles enable targeted drug 

delivery and contrast enhancement in magnetic 

resonance imaging (MRI) [102]. In electronics, 

semiconductor nanoparticles improve the 

performance of solar cells, transistors and quantum 

dot displays [103]. Catalysis and environmental 

remediation also benefit from metal oxide 

nanoparticles, which improve pollutant 

degradation, water purification and hydrogen 

production [104]. In addition, nanoparticles are 

widely used in food packaging, coatings and 

antibacterial textiles, utilizing their antimicrobial 

and barrier-enhancing properties to improve 

product durability and safety [105]. 

 

Applications of Nanocomposites 

Nanocomposites offer improved mechanical 

strength, thermal stability and conductivity, making 

them invaluable in various industries. In aerospace 

and automotive applications, polymer-based 

nanocomposites reinforced with carbon nanotubes 

(CNTs) and nanotubes reduce weight while 

improving structural integrity and fuel efficiency 

[106]. Electronics and energy storage benefit from 

supercapacitors, batteries and nanocomposite-

based flexible circuits where graphene and metal 

oxide nanofillers improve charge storage and 

thermal management [5]. Biomedical applications 

include bone scaffolds, prostheses and antibacterial 

coatings, where hydroxyapatite-based 

nanocomposites are used for bone regeneration 

and implant durability [107]. In addition, 

nanocomposites improve packaging materials, 

fireproof coatings and electromagnetic 

interference (EMI) shielding, offering 

multifunctionality in various industries [108]. 

 

Applications of Nanomaterials 

Nanomaterials have transformed electronics, 

medicine, energy and environmental sustainability 

due to their tuneable properties and high surface-

to-volume ratio. In nanoelectronics, 2D materials 

such as graphene and transition metal 

dichalcogenides (TMDs) are being integrated into 

flexible transistors, sensors and next-generation 
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semiconductors [109]. In the field of renewable 

energy, nanomaterials enhance solar cells, 

hydrogen storage and thermoelectric devices, 

improving energy efficiency and sustainability 

[110]. Breakthroughs in biomedicine include 

nanomaterial-based biosensors, cancer diagnostics 

and tissue engineering, where biocompatible 

nanostructures facilitate cell growth and targeted 

therapies [111]. In addition, nanomaterials play a 

crucial role in water purification, carbon capture 

and pollution control, offering advanced solutions 

to global environmental problems [112]. The Figure 

1 below indicates how the publications in the field 

of nanotechnology specifically nanomaterial and 

their applications are progressing annually.  

 

Figure 1. Chart showing the published articles on nanomaterial applications in the past few years from 01-01-

2020 to 01-02-2025 with their corresponding citations as obtained from web of science (WOS). 

 

Challenges and Future Perspectives 

Toxicity and Environmental Concerns 

Despite the remarkable benefits of 

nanotechnology, concerns about toxicity and 

environmental impact remain a major challenge. 

Due to their small size and high reactivity, 

nanoparticles can accumulate in biological systems, 

penetrate cell membranes and potentially cause 

cytotoxic effects, oxidative stress and DNA damage 

[113]. The long-term effects of exposure to 

nanoparticles on human health and ecosystems are 

still not fully understood, requiring extensive 

research in the field of nanotoxicology and 

bioaccumulation [114]. In addition, the release of 

engineered nanomaterials into air, water and soil 

raises concerns about environmental pollution and 

unintended ecological consequences [115]. To 

address these risks, scientists are required to 

develop biodegradable, environmentally friendly 

nanomaterials and exploring safer synthesis 

methods that minimize hazardous by-products. 

 

Scalability and Cost-Effectiveness 

One of the greatest challenges in nanotechnology is 

the scalability and economic feasibility of large-

scale production. While lab-scale synthesis 

methods offer high precision and control, many 

bottom-up approaches (e.g., sol-gel, chemical 

vapor deposition) and top-down methods (e.g., 

lithography, ball milling) are either costly, time-

consuming or require sophisticated infrastructure 

[116]. The lack of uniformity and reproducibility in 

the synthesis of nanoparticles further complicates 

commercialization [117]. To overcome these 

hurdles, researchers are urged in developing 

scalable, high-throughput manufacturing 

techniques, such as green synthesis, roll-to-roll 

processing and 3D printing, that reduce production 

costs while ensuring consistent quality and 

efficiency. 
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Ethical and Regulatory Aspects of 

Nanotechnology 

As nanotechnology continues to advance, ethical, 

social and regulatory considerations must be made 

to ensure responsible development and use. The 

potential risks of nanomaterials in consumer 

products, healthcare and environmental 

applications necessitate rigorous safety 

assessments, labelling requirements and 

standardized testing protocols [118, 119]. The lack 

of globally harmonized regulations poses 

challenges for the industry seeking regulatory 

approval for nanoproducts and leads to 

uncertainties in marketing and public perception 

[120]. Ethical concerns also arise in areas such as 

the protection of privacy (e.g., nanosensors in 

surveillance), the enhancement of human 

performance (e.g., nano-biointerfaces) and 

unintended socio-economic inequalities [121]. This 

underlines the need for transparent policy and 

public involvement to build trust in 

nanotechnology. 

 

Future Research Directions and 

Emerging Trends 

The future of nanotechnology lies in 

multifunctional, intelligent and sustainable 

nanomaterials that address urgent global 

challenges. Advances in artificial intelligence (AI) 

and machine learning are accelerating the design 

and discovery of nanomaterials and enabling 

predictive modelling for novel nanostructures with 

tailored properties [122]. The integration of 

nanotechnology into personalized medicine, 

nanorobotics and bioengineered tissues promises a 

revolution in healthcare [123]. In addition, the 

development of self-healing nanocomposites, 

nanoelectronics for quantum computing and 

nanoscale energy storage systems will drive 

innovation in next-generation materials and 

devices [124]. A strong focus on green 

nanotechnology, circular economy and sustainable 

production methods will ensure that future 

advances are both technologically transformative 

and environmentally sustainable. 

 

Conclusion 

Nanotechnology has revolutionized numerous 

industries by harnessing the unique properties of 

nanoparticles, nanocomposites and nanomaterials, 

enabling breakthroughs in medicine, electronics, 

energy and environmental sustainability. Advances 

in synthesis methods, functionalization and surface 

modifications have improved their performance, 

stability and applicability, but challenges such as 

toxicity, scalability and regulatory hurdles remain. 

Despite these concerns, nanotechnology continues 

to drive innovation in drug delivery, renewable 

energy, environmental protection and next-

generation electronics, offering transformative 

solutions to global challenges. Future advances will 

depend on sustainable production, AI-driven 

material design and responsible action to ensure 

the safe and ethical development of 

nanotechnology for broad societal and industrial 

impact. 
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