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Abstract 

Nano materials (1-100nm range) have transformed science with their remarkable properties. 
Their landmark properties of high surface area to volume ratio, quantum effects, and 
tuneability form the bedrock of breakthroughs in energy conversion and storage, targeted 
medicine, miniaturizations, environmental monitoring, and some catalytic processes. This 
review attempts to present a comprehensive synthesis of current advances in nanomaterials, 
spanning carbon-based structures, metal oxides, quantum dots as well as emergent composite 
systems. Synthesis methodologies, both top down as well as bottom up approaches, are 
discussed alongside a compendium of characterization techniques. Interdisciplinary 
applications of nanomaterials are examined through the lens of field-wise structure, drawing 
upon detailed examples in recent literature of high performance metrics and technological 
milestones. In addition, challenges of scaling up, toxicity, regulatory hurdles and 
environmental impacts are also in the ambit of discussion. The critical review concludes with 
an interest in addressing the path forward, issues of sustainability, and ethical considerations 
in the journey of innovation. 

Introduction 

Nano materials are at the forefront of  material sciences research today because of their 
unprecedented ability to be agile at the smallest of scales. This agility renders them critical to 
electronic, optical, magnetic, mechanical and catalytic processes integral to diverse areas 
including but not limited to - energy, healthcare, electronics, environmental sciences, and 
chemical engineering. 

The explosion of research interest in the domain of nanomaterials, is evidenced in the sheer 
number of publications, products and patents in this domain in only the last decade. 
Innovations in the laboratory are quickly scaled up for the industry impacting the 
enhancements in solar cell efficiencies, drug delivery mechanisms, sensors, and catalysts with 
atomic level controls over reaction pathways. However, nanomaterial enabled technology is 
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not without its challenges. It is important to understand and mitigate safety risks, ensure 
ethical usage, compliance with regulations and ensure sustainable environmental impacts. 

This critical analysis aims to (a) provide an updated collation of advances in synthesis, 
characterization, as well as classification of nano materials (b) to systematically explore its 
applications in major domains of science and engineering and (c) discuss the associated 
challenges while predicting the path ahead23. 

 

Classes and Types of Nanomaterials 

Nano materials may be classified per their chemical composition, dimensionality, 
morphology and intended function. The table below provides an overview of the same. 

 The rich diversity of the categories of nano materials enables customization of designs for 
multiple uses. Carbon based nano materials - including carbon nanotubes (CNT), fullerenes, 
and graphene derivatives are precious for their unique bonding structures, remarkable 
electronic, mechanical, and chemical stability. Such multidimensionality of properties enable 
its indispensable uses in sophisticated electronics and energy storage capabilities. Metal 
based nano materials, including nano particles and oxides, offer tuneable surface plasmon 
resonance, magnetic phenomena, and catalytic activity, making them highly suitable for 
sensing, catalysis and other environmental applications. Quantum Dots, due to their 
confinement, display highly tuneable optical emissions. These are integral to sophisticated 
displays and biomedical imaging. 

 

Polymeric and composite nano materials, which combine both organic as well as inorganic 
functions, assist in advanced drug delivery, and smart materials design. It is important to 
mention here that hybrid systems, for ex, core-shell nano structures, often balance efficiently, 
the conflicting demands of performance along with stability and bio compatibility, 
exemplifying the essence of the nano tech revolution. 

 

Nanomaterial 
Class 

Typical 
Subtypes 

Representative 
Examples 

Distinctive 
Properties 

Major 
Applications 

Carbon-based 
Fullerenes, 
CNTs, Graphene 

C₆₀, SWCNT, 
rGO 

High conductivity, 
strength, tunable 
bandgap 

Electronics, 
energy, 
biomed. 

Metal-based 
Metal NPs, 
Metal oxides 

AuNPs, AgNPs, 
TiO₂, ZnO 

Plasmonics, 
magnetism, 
photocatalysis 

Sensing, 
catalysis, 
medicine 

Quantum dots 
II–VI, III–V 
semiconductors 

CdSe, InGaN, 
PbS 

Size-tunable 
fluorescence, 
quantum effects 

Displays, 
bioimaging 

Polymer-based 
Dendrimers, 
nanogels 

PAMAM, PEG 
nanogels 

Biocompatibility, 
flexibility, cargo 
loading 

Drug delivery, 
sensors 
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Composite/hybrid 
Core-shell, 
nanocomposites 

Fe₃O₄@SiO₂, 
Graphene-
polymer 

Combined or 
synergistic 
properties 

EMI shielding, 
catalysts 

Nano materials may be classified per their chemical composition, dimensionality, 
morphology and intended function. The table below provides an overview of the same. 

 The rich diversity of the categories of nano materials enables customization of designs for 
multiple uses. Carbon based nano materials - including carbon nanotubes (CNT), fullerenes, 
and graphene derivatives are precious for their unique bonding structures, remarkable 
electronic, mechanical, and chemical stability. Such multidimensionality of properties enable 
its indispensable uses in sophisticated electronics and energy storage capabilities. Metal 
based nano materials, including nano particles and oxides, offer tuneable surface plasmon 
resonance, magnetic phenomena, and catalytic activity, making them highly suitable for 
sensing, catalysis and other environmental applications. Quantum Dots, due to their 
confinement, display highly tuneable optical emissions. These are integral to sophisticated 
displays and biomedical imaging. 

 

Polymeric and composite nano materials, which combine both organic as well as inorganic 
functions, assist in advanced drug delivery, and smart materials design. It is important to 
mention here that hybrid systems, for ex, core-shell nano structures, often balance efficiently, 
the conflicting demands of performance along with stability and bio compatibility, 
exemplifying the essence of the nano tech revolution41. 

 

Synthesis Methods of Nanomaterials 

The properties and the performance of  nanomaterials are highly dependent on their synthesis 
route. This determines their morphology, crystallinity, size distributions and surface states. 

The following table depicts the top down and bottom up approaches to the synthesis methods: 

Synthesis 
Method 

Process Description Advantages Limitations 
Example 

Nanomaterials 

Top-Down 
Mechanical milling, 
lithography, etching of 
bulk 

Simple, scalable 
for some types 

Defects, broad 
size distribution 

Nanoparticles, 
quantum dots 

Bottom-Up 
Chemical vapor 
deposition, sol–gel, 
precipitation 

Precise control, 
high purity 

Complex, 
expensive 

Nanowires, thin 
films 

Chemical 
Synthesis 

Colloidal, 
hydrothermal, 
solvothermal 

Versatile, large-
area production 

Post-processing 
needed 

Metal oxide NPs 

Green/Bio 
Synthesis 

Plant extracts, 
microbes, biological 
templates 

Eco-friendly, 
mild conditions 

Low scalability, 
impurities 

Ag, Au NPs, 
quantum dots 
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Template-
Assisted 

Porous templates, 
anodic alumina as 
scaffold 

Uniform 
size/shape 

Template 
removal, limited 
shapes 

Nanorods, 
nanowires 

Self-
Assembly 

Spontaneous 
organization via 
supramolecular 
chemistry 

Controlled 
architectures 

Sensitive to 
conditions 

Monolayers, 
nanoclusters 

Top Down Strategies physically break down bulk materials into nanoscale fragments, 
leveraging techniques such as ball-milling, lithographic patterning or laser ablation. These are 
advantageous for certain high-throughput processes. However, they may harbor defects or 
induce them. They are also limited in achieving atomic level control56. Conversely, bottom up 
approaches construct the nano structures atom by atom or molecule by molecule, as the case 
may be, via controlled processes. Techniques such as chemical vapor deposition (CVD), sol 
gel, hydrothermal and colloidal synthesis are widely employed to generate nanoparticles, 
nano wires, and ultra thin films, with superior control over structural parameters75. Increasing 
importance is accorded to green synthesis routes, employing plant extracts, bacteria, and 
other biological agents as being usable as both, reducing as well as capping agents which 
generate nanomaterials with vastly improved biocompatibility and reduced environmental 
footprints. For applications where uniformity of morphology is integral, template assisted and 
self assembly methods offer sophisticated control. However, they may be restricted by the 
need to remove the template or by adverse reaction sensitivity. The selected synthesis 
pathway is thus intrinsically linked to applicability as well as scalability, influencing factors 
like cost, purity, and environmental impacts8,5,1. 

Characterization Techniques 

Accurate characterization is essential for both fundamental understanding and practical 
optimization of nanomaterials. Characterization techniques are tailored to probe morphology, 
structure, composition, surface properties, and physicochemical behavior. 

Technique Information Provided Instrument/Principle 
Typical 

Nanomaterial 
Param. 

Electron Microscopy 
(TEM/SEM) 

Morphology, size, 
defects, crystallinity 

Electron beam 
imaging 

Size, shape, lattice 
structure 

X-ray Diffraction 
(XRD) 

Crystalline phase, 
lattice, crystallite size 

X-ray beam diffraction Phase ID, grain size 

Spectroscopy (UV-
Vis, FTIR, Raman) 

Optical properties, 
bonding, functional 
groups 

Light/matter 
interactions 

Bandgap, surface 
chemistry 

Dynamic Light 
Scattering (DLS) 

Size distribution in 
colloids 

Scattering of light 
Hydrodynamic size, 
stability 

Atomic Force 
Microscopy (AFM) 

Surface topography, 
roughness 

Force probe scanning 
Height, mechanical 
properties 

X-ray Photoelectron 
Spectroscopy (XPS) 

Surface composition, 
chemical states 

Photoelectron analysis 
Elemental, 
oxidation states 
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Surface Area and 
Porosity (BET) 

Specific surface area, 
pore volume 

Gas adsorption 
SSA, pore 
diameters 

Zeta Potential 
Analysis 

Surface charge, 
colloidal stability 

Electrophoretic 
mobility 

Dispersion stability 

Some of the most powerful analytical tools are Transmission Electron Microscopy (TEM) 
and Scanning Electron Microscopy (SEM) providing direct visualization of nanostructures 
down to their atomic resolution. X-Ray Diffraction (XRD) and Raman Spectroscopy deliver 
structural and vibrational fingerprints, essential for phase and purity analysis Dynamic Light 
Scattering (DLS) and zeta potential measurements are standard for evaluating nanoparticle 
stability in suspension, critical to both biomedical as well as environmental applications. 
Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) further 
enables 3D surface mapping and manipulation at the nanoscale level.Dynamic Light 
Scattering (DLS) and zeta potential measurements are standard for evaluating nanoparticle 
stability in suspension, which is critical for both biomedical as well as environmental 
applications9,10. 

Atomic Force Microscopy, (AFM) and scanning tunneling microscopy (STM) further enable 
3D surface mapping and nano scale manipulation, which make the material conducive to 
support advanced designs.Recent advancements in multi-modal, in-situ, and high throughput 
characterization have accelerated the discovery and optimization cycles for designing specific 
nanomaterials for customized applications11,12. 

Applications of Nanomaterials by Field 

Nanomaterials for Energy Applications 

Energy Conversion: Photovoltaics, Fuel Cells, and Solar Fuels 

Nanomaterials are revolutionizing energy harvesting as well as conversion, by improving 
operational efficiency, reducing cost of production, and enabling the designs of new devices. 
In photovoltaics, inorganic quantum dots, (QDs) such as CdSe, PbS and perovskite 
nanocrystals demonstrate tuneable band gaps along with contributing enhanced light 
harvesting potential. This pushes up the solar efficiency by 20% more than those achieved by 
recent prototypes. Surface engineered nano structures, such as Titania (TiO2) nanoparticles, 
are extensively used in electron transport layers in dye-sensitized solar cells (DSSCs) where 
their bigger surface area contributes to better dye loading as well as charge separation16.  

The emergence of hybrid perovskite nanomaterials has led to new record power conversion 
rates. With calibrated interface engineering and nanocrystal passivation, the operational 
stability is significantly enhanced. In artificial photosynthesis, and solar fuel generation, 
nano-structured catalysts, for example; platinized CdS nanoparticles and layered double 
hydroxides, demonstrate enhanced catalytic surface area and controlled charge transfer. This 
yields higher hydrogen evolution rates14. 

Energy Storage: Batteries and Supercapacitors 

Nanoscale engineering of electrode materials has significantly improved the performance of 
batteries and supercapacitors. Carbon based nano materials, graphene, CNTs etc, provide 
high electrical conductivity, better robustness in terms of mechanics, and a larger surface area 
to work with. This facilitates rapid charge/discharge and high specific capacities in 
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supercapacitors as well as in Lithium -ion batteries. As an example, Lithium iron phosphate 
(LiFePO4) nanoparticles in hybrid cathode designs enable reduced ion diffusion pathways, 
improving simultaneously, both rate capability as well as cycle life17,7. 

 

Metal oxide nano structures, such as MnO2  release, surface functionaand TiO2 nanowires, 
are valued for their high theoretical capacities and stability, particularly in aqueous and non-
aqueous battery systems8. The design of nano-composities combining carbon and metal oxide 
phases further optimizes performance by synergizing conductivity with the capacity to store 
active ions. Recent studies have reported graphene-MnO2 hybrids with specific capacitances 
above 300 F/g with excellent retention of over 10,000 cycles.This is certainly a new 
benchmark for next generation storage devices4. 

Nanomaterials in Medicine 

Nanomedicine: Drug Delivery, Imaging, and Therapy 

Nano materials have provided pioneering solutions in the realm of medicine. Imaging, 
Therapy, Drug Delivery as well as Diagnostics have all been positively impacted. Nano 
particle drug delivery systems ensure enhanced permeability and retention (EPR) that target 
malignant growths and other affected tissues with precision while minimizing collateral 
damage to the environment around it18. Systemic toxicity is reduced and effectiveness of 
treatment is improved. Polymeric nanoparticles, lipid based nano carriers, (liposomes, 
micelles) along with nano structures are designed for controlled release, surface 
functionalization, and multifunctionality (i.e. simultaneous actions of imaging, drug delivery 
etc)19. 

Quantum Dots (QDs),  along with superparamagnetic iron oxide nanoparticles (SPIONNs) 
enhance the sensitivity as well as the resolution of bioimaging characteristics and functions of 
MRI machines, fluorescence and photoaccoustic imaging functions of devices. In cancer 
therapy, gold nanoshells and hafnium oxide nanoparticles are in advanced clinical trials for 
photothermal, radio sensitization and targeted delivery applications. The surface chemistry of 
these platforms are customized via polythene glycol (PEG)ylation or ligand conjugation (eg. 
antibodies, aptamers) to improve biocompatibility, circulation time and active targeting22. 

Diagnosis and Biosensors 

Nano materials enable the increase in sensitivity index of biosensors which then prove hyper 
effective for pathogen detection, disease marker quantification, along with improved efficacy 
in point-of-care diagnostics. Graphene based field effect transistors, gold nanoparticle-
labelled immunoassays, and DNA - functionalized quantum dots deliver rapid, multiplexed 
and label free detection, with detection parameters in the femtomolar band. These capabilities 
are critical for early stage disease screening as well as surveillance.23 

 

Nanomaterials in Electronics: Miniaturization and Performance Enhancement 

The electronic industry has been able to sustain adherence to Moore’s Law in part, by scaling 
down device features into nanometer bands. Nanoscale transistors, formed from silicon 
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nanowires or 2D materials such as graphene or transition -metal dichalcogenides (TMDs) 
exhibit high on-off ratios, ballistic transport, and robust switching behavior at length scales 
below 5nm24. Recent advances include the development of nanosheet field effect transistors 
(nanosheet FETs) and 3D stacked architectures that combine nano material channels with 
gate-all-around geometries for unparalleled density and performance4. 

Quantum Dots are increasingly adopted as optoelectronic  components in light in LEDs (light 
emitting diodes), photodetectors and single-photon sources, with special tuneability and high 
luminosity essential for display and quantum information sciences15,20. Carbon nanotubes and 
graphene are the conduits of choice for high speed connection requirements because of their 
enhanced carrier mobility and malleability. 

Memory and Neuromorphic Devices 

The confluence of materials engineering and device physics at nanoscale has generated new 
paradigms in memory and computing. Resistive switching memory (memristors) use oxide 
nanoparticles and 2D materials to enable high density and non volatile memory with sub nano 
second switching capabilities. Neuromorphic designs in devices, inspired by the human brain, 
demonstrate high efficiency through usage of graphene, MoS2, and composite nanomaterials, 
to achieve synaptic functionality for AI (Artificial Intelligence) architecture. This design is 
enhanced in terms of agility of learning at very low energy and costs24.  

 

Environmental Science Applications 

Water Purification and Treatment 

Nanomaterials play a crucial part in addressing water challenges globally and also form a part 
of remediation protocols.Nanostructured membranes, containing silver, TiO2, or graphene 
oxide, exhibit superior, anti-fouling, antimicrobial, and photocatalytic properties. This 
enables efficient removal of pathogens, contaminants of all kinds25,26. Zero valent iron 
nanoparticles are known for their effectiveness in reductive dechlorination of halogenated 
organics and heavy metal immobilization. 

Nanomaterial 
Type 

Contaminant 
Targeted 

Removal 
Efficiency/Mechanism 

Scalability / Note 

TiO₂ NPs 
Organic dyes, 
bacteria 

Photocatalytic degradation, 
disinfection 

Well-established, 
UV activation 

Ag NPs Bacteria, viruses 
Antimicrobial, cell membrane 
disruption 

Concerns over Ag 
leaching 

Graphene oxide 
Heavy metals, 
VOCs 

Adsorption, high surface area Stable in membranes 

nZVI 
Chlorinated 
organics 

Reductive dechlorination 
Rapid but 
aggregation issue 

Fe₃O₄ NPs 
Cr(VI), As(III), 
Pb(II) 

Magnetic separation, 
adsorption 

Easy retrieval by 
magnet 

The synergized functions of adsorption, photocatalysis and separation, made possible by 
nanostructures aid in creation of sophisticated yet robust, energy efficient yet compact water 
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treatment systems. However, there remains questions about the recylability, possible 
ecotoxicity, and safety of disposability of these materials. The scientific community is still 
studying the above for nanomaterials used at scale25. 

Air Quality and Sensing 

Nanomaterials play an important role in monitoring air pollution. Metal oxide nanowires and 
decorated graphene sheets form the basis of low power gas sensors, capable of real time 
detection of NO2, CO, volatile organic compounds (VOCs) and greenhouse gases at parts-
per-billion ranges27. Photocatalytic nanocoatings reduce pollutants by decomposing 
hazardous organics through light activation. 

Nanocatalysis in Chemical Processes 

Nanomaterials have redefined the landscape of catalysis by delivering controllable, high-
surface-area active sites, quantum size effects, and tunable support functions. 

Industrial and Green Catalysis 

Metal and metal oxide nanoparticles (such as Pt, Pd, Au and CeO2) are the backbone of 
modern catalytic converters, hydrogenation  and oxidation reactions. The selective reactivity 
of these catalysts can be fine tuned by controlling facet orientation, particle size and 
morphology. For example, Gold nanoparticles supported on TiO2 exhibit increased 
COoxidation at lower temperatures. This is attributed to their size and interfacing properties. 

Bimetallic and alloy Nanocatalysts combine the positive attributes of each component 
yielding resistance to sintering, adaptability in redox environments, and a general enhanced 
efficacy of usability. Single atom catalysts (SACs) represent a frontier, with isolated metal 
atoms stabilized on 2D support, allowing atom-economic catalysis and high turnover2,8,4. 

Electrocatalysis and Sustainable Chemistry 

Electrocatalytic processes such as watersplitting, CO2 reduction and fuel-cell reactions are 
immensely aided by nanostructural architectures. Transition metal dichalcogenides (TMDs) 
,perovskite nanomaterials, and carbon based hybrids form the basis of customized electronic 
structures that lower over-potential and improve selectability. Recent research has uncovered 
noble-metal-free catalysts with commercial-level performance for hydrogen generation and 
carbon valorization13. 

Application-Specific Performance Metrics 

Performance metrics for nano-material enabled devices and processes vary by application, in 
terms of efficiency, stability, sensitivity, selectivity and scalability. 

Application 
Key Performance 

Metric 
Benchmark Values / Recent Advances 

Photovoltaics 
Power conversion 
efficiency 

25% (perovskite QDs), increased stability 
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Li-ion Batteries 
Specific capacity 
(mAh/g) 

300 (graphene composites), cycle life >5000 

Drug Delivery 
Targeted delivery, 
release 

90% tumor accumulation (nano-LNPs), 
controlled/triggered release 

Biosensors LOD, specificity, time fM–pM detection, <10 min response 

Water 
Treatment 

Removal efficiency 
(%) 

99% for organics, heavy metals, bacteria 

Catalysis 
Turnover frequency 
(TOF) 

TOF > 10³–10⁶ h⁻¹, high selectivity 

The above data stresses the importance of nanomaterial optimization at every stage: from size 
and surface engineering to device integration, without compromising on performance. 

Some Case Studies of different important Nanomaterial Platforms 

 

1. Carbon-based Nanomaterials : Graphene and carbon nanotubes 

 

Graphene, a monolayer of sp2-hybridized carbon atoms, is acclaimed for its ultra-high 
electron mobility, thermal conductivity and strength. It is synthesized via chemical vapor 
deposition (CVD), mechanical exfoliation, or chemical reduction of graphene oxide. 
Applications span flexible electronics, transparent conductive electrodes, energy storage 
(supercapacitors and batteries), biosensors and nanocomposites. 

 CNTs, both single walled and multi walled, include chirality dependent electrical features. 
These make them suitable for transistors, interconnects, composites and nano-
electromechanical systems (NEMS)16. Active research areas in this study include 
functionalization and dispersion. 

2. Metal Oxide Nanomaterials 

 

Metal oxide nanostructures (for instance TiO2, ZnO, CeO2) exhibit varied crystalline phases 
and morphology. They can be found in the forms of nanoparticles, rods, wires, sheets and 
also in supporting roles of semiconductors, sensors, photocatalysts and biomedical agents. In 
solar cells, TiO2 nanorods form direct electron pathways for rapid charge extraction. In 
catalysis, ceria nanoparticles facilitate oxygen storage as well as redox catalysis, vital to 
emission control technologies. Recent research includes studies and applications of SnO2-
graphene as well as ZnO-Ag nanocomposites that enhance electrical, photocatalytic, and 
biocidal performance2,9,4. 

3. Quantum Dots 

 

QDs are fluorescent semiconductor nanoparticles with size-tuneable optical properties, 
ranging from UV to IR, crucial for displays, solar cells, and in vivo imaging.Colloidal 
synthetic routes (hot injection or organometallic features) enable narrow emission line widths 
and high quantum yields15,20. Recent shifts towards heavy-metal-free QDs (InP, AgInSn2) 
respond well to toxicity regulatory pressures. This includes innovations in surface passivation 
extending operationality and lifespans in both LED and imaging operations13. 
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Some Challenges in Nanomaterial Applications 

Despite the wide ranging advantages of nanomaterials, there are some inherent challenges 
that prohibit its easy and voluminous use and acceptability.  

The broad issues that restrict the wider adoptability of Nanomaterials may be listed as 
follows: 

A) Scalable and Reproducible Synthesis 

Achieving consistent size, surface area and morphology across kg to ton scale production 
lines is hampered by process variability, cost fluctuations and requirement of close 
monitoring batch to batch1. 

B) Toxicity and Health Risks 

The very properties that endow nano materials with unique utility (high reactivity, large 
surface area) also raise concerns about its cytotoxicity, bioaccumulation, and 
undecomposability30,31. As these are difficult to recycle, these particles persist in nature , 
induce oxidative stress or interfere with cellular pathways. This is hazardous. 

C) Regulatory and Ethical Barriers on usage 

 

The USFDA, EMA, and the OECD are struggling to keep pace with innovations vis a vis 
updating usage protocols. This complicates product approval and public trust. Ethical 
questions arise regarding information availability in the public domain, product approval, 
informed consent before usage, privacy concerns with respect to sensing, imaging along with 
definite ecological impacts32. 

D) Stability and Aging 

 

Many high performance nanomaterials (e.g. perovskite QDs, unprotected metal 
nanoparticles) suffer from ambient degradation. This limits service lifetimes and incur 
wastage of money. 

A) Cost and Life cycle Impact 

 Some nanomaterials require rare earth minerals for their activation and generation, which 
increases cost overruns, especially in the recent context of China’s embargo on the same. Till 
one is able to guarantee a sustainable supply of these ingredients fundamental to the full 
functionality of nanomaterials, the nanomaterials’ activation cost as well as enduring life 
cycle becomes seriously and adversely impacted30. 

Future Prospects and Emerging Trends 

The next wave of innovation in this field is perhaps going to be shaped by a confluence of 
digital manufacturing, artificial intelligence and similar frameworks.  

Sustainable nanomaterials:  Efforts to design eco-friendly, degradable or recyclable 
nanomaterials - with negligible toxic elements, are on the rise. Plant derived reducers, 
biotemplates and aqueous processing are gaining industrial acknowledgement. Green 
synthesis is certainly the way forward1. 
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Advanced Characterization and AI integration: In situ and operando methods, combined 
with big data analytics and machine learning, are poised to revolutionize material discovery, 
predictive modelling and rapid property optimization28. 

Multifunctional and Smart Nanomaterials:  It is anticipated that nextgen systems will 
integrate structural, sensing, energetic and therapeutic roles in a single platform. Examples 
include stimuli-responsive nanoparticles, self-healing nanocomposites or adaptive 
nanoelectronic devices. 

Personalized Nanomedicine: Nanoparticle platforms are engineered for precision 
therapeutics based on patient specific omics data, with targeted specificity, localized and 
controlled therapy22. 

Regulatory Harmonization and Ethical Innovation:  Cross-disciplinary efforts are 
ongoing to curate globally aligned standards and transparent risk benefit assessments. 
Stakeholder involvement and open platform innovations are the way forward to unlocking the 
greatest potential of deriving maximum societal values from nanoparticle use30,32. 

These safeguards abuse of nanomaterials to create a nano-divide, as it were, as well, between 
users with ability to harness this technology, and those that have not this ability. 

Ethical and Safety Concerns 

Nanomaterial usage precludes strict adherence to protocol and robust discourse on risk 
mediation. The following are crucial to the maintenance of ‘nanomaterial usage ethics’ - 

● Risk assessment and management - Hazard identification, mitigation as well as 
remediation are the three pillars of this aspect. Advanced toxicogenomics and real-
time monitoring platforms are integral to adequate assessment and management of 
risks. 

● Informed consent and data privacy - as with other forms of advanced technology 
usage, it is mandatory for all disclosures, disclaimers to be put out on the public 
domain so that users of the technology know what they are signing up for. 
Patient/Subject consent and anonymity are non-negotiable, 

● Transparency and public engagement - transparency of content, unambiguous 
communication, adequate clarity of signage, and shared responsibility of 
communicative success between all stakeholders is fundamental to successful public 
‘buy-in’ of this technology. 

● Regulatory foresight - OECD and US NIEHS have established guidelines for 
responsible research, ethical sourcing and end-of-life management32,30. 

● Societal and environmental equity -  Avoiding exacerbation of social or economic 
divide is essential. All technology should be democratically available and utilized. 

 

A safe-by-design paradigm is emerging fast. Benign systems and technology enduring this 
benignity throughout its life cycle are those that are considered significant. 

Conclusion 

Nanomaterials represent a transformative frontier in the domain of science and technology. In 
an era where quantum phenomena dominate, nanomaterials are soon to be used ubiquitously 
across disciplines of technological advances. 
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Our review traces how advances in carbon based nanostructures, metal and metal-oxide 
nanoparticles, quantum dots and hybrid systems have led to significant impact across the 
domains of energy, healthcare, electronics, environment etc. Present efforts to achieve state 
of art synthesis and characterization also promotes the design of realtime bottlenecks in order 
to maximize performance. 

Realizing the full potential of nanoparticle enabled technology will depend on the ability of 
the technology to withstand or encourage large scale duplication, environmental safety, 
financial feasibility, ethical deployment along with optimization of performance.  Only if 
these are ensured can one hope to use nanotechnology responsibly and effectively. The 
disciplines of Chemistry, Physics, Engineering and life sciences will need to come together to 
create a platform for nanotech to be successful. 
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