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Abstract  
Nanoscience and nanotechnology have developed into highly interdisciplinary fields in which matter is designed, 

characterized and utilized at dimensions of approximately 1–100 nm. At this scale, quantum confinement, high surface-

to-volume ratio, interfacial effects and size-dependent phenomena can produce properties that differ markedly from 

bulk materials. Recent research is moving beyond conventional nanoparticles toward two-dimensional materials, 

MXenes, metal–organic frameworks, high-entropy nanomaterials, advanced nanocomposites, nanobiosensors and AI-

assisted materials discovery. These developments are expanding applications in healthcare, energy conversion and 

storage, electronics, environmental remediation, agriculture and smart sensing. At the same time, translation from 

laboratory demonstrations to reliable products remains constrained by synthesis reproducibility, scale-up, cost, 

characterization, toxicity, environmental persistence, regulatory uncertainty and end-of-life management. This review 

summarizes major emerging trends, discusses key technological and societal challenges, and identifies future 

directions emphasizing sustainable synthesis, multifunctional materials, artificial intelligence, precision nanomedicine, 

nano-enabled energy systems and responsible governance. The future of nanotechnology will depend not only on 

achieving superior nanoscale performance but also on demonstrating safety, affordability, manufacturability and 

lifecycle sustainability.  
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1. Introduction 
Nanoscience examines the behavior of matter at the nanoscale, while nanotechnology translates 

nanoscale understanding into engineered materials, devices and systems. Nanomaterials 

commonly include structures with at least one dimension between 1 and 100 nm. Their unusual 

optical, electrical, magnetic, mechanical, catalytic and biological properties arise from nanoscale 

effects and large interfacial areas. Consequently, nanotechnology connects physics, chemistry, 

biology, materials science, medicine and engineering. Recent reviews emphasize that the field is 

expanding from individual nanomaterials toward multifunctional and application-oriented 

systems [1–3]. 

The present phase of nanotechnology is characterized by convergence. Advanced 

characterization and computational methods are enabling more controlled material design, while 

artificial intelligence (AI) is increasingly being used for property prediction, synthesis 

optimization and materials discovery. At the same time, the focus is shifting toward practical 

requirements such as scalable production, reproducibility, cost-effectiveness, safety and 

regulatory acceptance. These considerations are particularly important because many promising 

nanotechnologies remain at laboratory or pilot scale [4]. 

 

2. Emerging Trends in Nanoscience and Nanotechnology 

2.1 Two-Dimensional and Advanced Nanomaterials 
Two-dimensional (2D) materials such as graphene, transition-metal dichalcogenides, hexagonal 

boron nitride and MXenes continue to attract attention because of their tunable electronic, 

optical, mechanical and surface properties. MXenes, in particular, offer conductive surfaces and 

chemically active functional groups, supporting research in sensors, energy storage, 

electromagnetic shielding and catalysis [1,2]. Another emerging direction is high-entropy 

nanomaterials, which incorporate multiple principal elements and provide a large compositional 

design space for catalytic and functional applications [5]. 

2.2 Nanocomposites and Hybrid Materials 
Hybrid nanomaterials combine two or more components to obtain properties that are difficult to 

achieve with a single material. Metal/oxide, carbon-based, polymeric and bio-nanocomposites 
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are being investigated for flexible electronics, photocatalysis, sensors, antimicrobial surfaces, 

structural materials and energy devices. Rational interface engineering is becoming increasingly 

important because the interaction between components can control charge transfer, adsorption, 

mechanical reinforcement and catalytic activity [1,3]. 

2.3 AI-Enabled Nanotechnology 
The integration of AI and nanotechnology is an important emerging trend. Machine learning can 

correlate synthesis parameters, structure and performance, helping researchers predict material 

properties and reduce experimental trial-and-error. AI-assisted workflows are also being 

explored for nanomanufacturing, device optimization and accelerated materials discovery [6]. 

Future systems may combine automated synthesis, high-throughput characterization and 

machine-learning models to create closed-loop experimental platforms. However, reliable 

models require high-quality, standardized and sufficiently diverse datasets. 

2.4 Nanomedicine and Precision Healthcare 
Nanomedicine is progressing through targeted drug delivery, imaging, biosensing, diagnostic 

platforms and combination therapies. Nanocarriers can be engineered to influence solubility, 

circulation, cellular uptake and controlled release. Recent work also highlights nanosensors 

capable of monitoring biological information at very small spatial and temporal scales [7]. 

Nano-enabled diagnostic systems are being combined with molecular technologies such as 

CRISPR-based detection, creating opportunities for sensitive and decentralized diagnostics [8]. 

Translation to routine healthcare, however, requires rigorous evidence of safety, reproducibility, 

manufacturability and clinical benefit. 

2.5 Nanosensors and Smart Devices 
Nanosensors exploit high surface area and nanoscale interactions to detect chemical, biological, 

optical or physical signals. Applications include gas detection, environmental monitoring, food 

safety, wearable health monitoring and industrial process control. The next generation is 

expected to combine nanomaterials with flexible substrates, wireless communication and AI-

based signal interpretation. Such integration could enable real-time, low-power sensing 

platforms, but selectivity, calibration stability, interference and long-term reliability remain 

important issues [7]. 

2.6 Energy and Environmental Applications 
Nanomaterials are being developed for batteries, supercapacitors, fuel cells, solar-energy 

conversion, hydrogen technologies and catalytic processes. Their high surface area and tunable 

electronic structures can improve reaction kinetics and charge transport. In environmental 

applications, nanomaterials are being explored for adsorption, photocatalytic degradation, 

membrane separation and wastewater treatment [9,10]. The major research direction is 

increasingly toward materials that deliver high performance while minimizing energy 

consumption, toxic reagents and environmental release during their complete lifecycle. 

 

3. Major Challenges 

3.1 Reproducibility and Scale-Up 
One of the most persistent barriers is the gap between laboratory synthesis and industrial 

manufacturing. Small changes in precursor purity, temperature, pH, reaction time, surface 

chemistry or processing conditions can alter nanoparticle size, morphology and defects. High-

quality nanomaterials may require sophisticated equipment or energy-intensive conditions, 

complicating large-scale production [2,3]. Standardized synthesis protocols, process monitoring 

and quality-control metrics are therefore essential. 

3.2 Characterization and Standardization 
Nanomaterials cannot be adequately described by size alone. Shape, surface charge, 

crystallinity, aggregation state, defects, coatings, chemical composition and dynamic behavior 

may all influence performance and biological interactions. A major need is the development of 

harmonized measurement protocols and reference materials that allow results from different 

laboratories to be compared reliably. 

3.3 Toxicity and Environmental Risks 
The same nanoscale properties that provide technological advantages can also influence 

biological and environmental behavior. Nanoparticle size, surface chemistry, dissolution, 
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persistence and aggregation may affect transport and interactions with organisms. Reviews of 

current trends emphasize the need to assess toxicity, environmental impacts and economic 

viability alongside performance [1,10]. Lifecycle assessment should therefore be incorporated 

early in material design rather than treated as an end-stage consideration. 

3.4 Cost, Infrastructure and Technology Translation 
Advanced nanotechnology often depends on expensive characterization instruments, clean-room 

facilities and specialized expertise. This can limit participation by smaller institutions and slow 

commercialization. In addition, a material that performs well under controlled laboratory 

conditions may face difficulties in stability, packaging, integration, regulatory approval and cost 

when developed into a product [4]. Stronger collaboration among universities, industry, 

healthcare organizations and regulators is needed. 

3.5 Ethical, Regulatory and Societal Issues 
Responsible nanotechnology requires appropriate governance across research, manufacturing, 

use and disposal. Regulatory frameworks must account for nanoscale-specific properties while 

avoiding unnecessary barriers to beneficial innovation. Transparent communication of benefits 

and uncertainties is also important for public confidence. Recent discussion of nanotechnology 

governance highlights the value of collaboration between scientific, industrial and public-sector 

stakeholders [11]. 

 

4. Future Perspectives 
Future nanotechnology is likely to be increasingly multifunctional, data-driven and sustainable. 

First, sustainable or green synthesis using safer solvents, renewable feedstocks, biological routes 

and energy-efficient processes can reduce environmental burdens. Second, AI-guided materials 

discovery may shorten development cycles by identifying promising compositions and process 

conditions before extensive experimentation [6]. Third, advanced nanosensors and nano-bio 

interfaces may enable continuous monitoring at cellular, wearable and environmental scales 

[7,8]. 

Fourth, next-generation energy materials will increasingly emphasize high energy density, long 

cycle life, resource efficiency and recyclability. Fifth, nanomedicine is likely to move toward 

more precise and personalized platforms, provided that safety and clinical evidence keep pace 

with innovation. Finally, high-entropy and other compositionally complex nanomaterials may 

open new design spaces for catalysis and multifunctional devices [5]. 

A particularly important future direction is the development of ‘safe-and-sustainable-by-design’ 

nanomaterials. This approach considers function, exposure, toxicity, resource use, 

manufacturability and end-of-life treatment simultaneously. Such integration can help move 

nanotechnology from impressive laboratory demonstrations toward dependable technologies 

with measurable societal value. 

 

5. Conclusion 
Nanoscience and nanotechnology are entering a phase defined by convergence among advanced 

materials, AI, biotechnology, electronics, energy science and environmental engineering. 

Emerging materials such as 2D nanomaterials, MXenes, hybrid nanocomposites and high-

entropy nanoparticles are expanding the available design space, while nanosensors, 

nanomedicine and nano-enabled energy technologies are creating new application opportunities. 

Nevertheless, major challenges remain in reproducibility, scale-up, characterization, cost, safety, 

regulation and lifecycle sustainability. Future progress will depend on integrating performance 

with responsible design, reliable manufacturing and evidence-based risk assessment. 

Interdisciplinary collaboration and closer interaction among researchers, industry and regulators 

will be essential for converting nanoscale discoveries into safe, scalable and sustainable 

technologies. 
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