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Abstract

This paper delves into the transformative intersection of nuclear physics, particle dynamics,
and nanotechnology to tackle major global challenges such as energy sustainability,
advancements in healthcare, and environmental remediation. It comprehensively examines
how nanotechnology has revolutionized nuclear reactor designs, enhanced fuel efficiency, and
improved radiation safety through innovations like nanostructured fuels, advanced thermal
management using nanofluids, and radiation-resistant materials. The application of
nanotechnology in nuclear medicine and radiotherapy has paved the way for precision-
focused diagnostics and treatments, with groundbreaking developments like nanoparticle-
Article History based imaging agents and radiosensitizers. Furthermore, the study explores cutting-edge uses
Received: 15/01/2025 of nanomaterials in nuclear waste recycling, environmental cleanup, and isotope production,
Accepted: 28/01/2025 highlighting their role in enhancing efficiency, minimizing waste, and recovering valuable
Vo] [H e BVl FPAZsm  resources. Nanotechnology's contributions to advanced radiation detection systems, wearable
Vol — 4 Issue -1 dosimeters, and sustainable protective materials further bolster safety in high-radiation
- environments. While acknowledging challenges such as scalability, long-term stability, and
PP: -87-117 regulatory hurdles, the paper emphasizes future directions that integrate interdisciplinary
collaboration, environmentally friendly synthesis techniques, and Al-driven optimization to
unlock the full potential of nanotechnology in these domains. By synthesizing these fields, this
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14789142 research not only propels scientific innovation but also aligns with global efforts to create

sustainable, health-centric solutions, demonstrating the immense societal benefits of merging
nuclear science and nanotechnology.
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Introduction

Scientific innovation has reached a transformative milestone
through the combined study of nuclear physics and particle
dynamics with nanotechnology development. This scientific
crossover forms a synergistic framework that advances our
capability to solve major global tasks like clean energy
production scalable healthcare systems and effective
environmental restoration. The field of nuclear physics
establishes essential theoretical insight into atomic nuclei
activities while particle dynamics investigates how basic
particles behave on fundamental levels nanotechnology
achieves direct manipulation capabilities at the nanometer
scale. The combination of these scientific domains produces
innovative solutions for many of the critical challenges people
currently face (Chow et al., 2025; Gupta et al., 2024).

Throughout history nuclear physics became the foundation for
important advancements in technological development
especially within energy solutions and medical applications.
Since nuclear fission reactors generate dependable electricity
output continuous improvements in materials technology
evolved their design and operation. The innovative design of
molten salt reactors in reactor technology involves
nanostructured coatings to improve both corrosion resistance
and heat transfer efficiency. The implementation of these
innovations leads to extended reactor life durations while
simplifying radioactive waste disposal issues. Nuclear fusion
research for sustainable energy utilizes nanotechnology to
advance plasma and material stability during containment
processes according to Yang et al. and Wang et al. (2024).

Medical diagnostic imaging achieves new heights with non-
invasive detection capabilities thanks to nuclear physics-
derived isotopes including technetium-99m which make
cardiovascular disease and cancer detection modern
approaches. Nuclear physics achieves important healthcare
results through the application of iodine-131 which provides
effective targeted radiotherapy for thyroid cancer (Gupta et
al., 2024). Monte Carlo simulations enable better optimization
of radiation-tissue interactions to enhance diagnostic precision
and therapeutic efficacy according to recent research (Chow et
al., 2025).

Particle dynamics extends nuclear physics research by
investigating in great depth both the features of subatomic
particles and the laws that control them. Through high-energy
physics research conducted at facilities like CERN scientists
have changed our understanding about how our universe
operates. Higgs boson discoveries unveiled mass generation
methods but research continues to reveal cosmic secrets
through studies of neutrino behavior and dark matter research.
The study of particle movement extends into useful
applications beyond the limits of theoretical physics. Particle
acceleration technologies enable proton therapy which focuses
radiation doses exactly on cancer tumors to avoid damage to

surrounding healthy tissue (Demarteau et al., 2016; Carter et
al., 2023).

Through its creation of advanced materials nanotechnology
boosts nuclear physics and particle dynamics with enhanced
capabilities. The exceptional surface-area-to-volume ratios of
nanoparticles coupled with their functional tuning options
make them essential for both medical and energy application
technologies. Gold nanoparticles strengthen radiation
treatment through enhanced localized energy deposition
effects which improve tumor targeting during cancer therapy.
Mesoporous  silica  nanoparticles as  functionalized
nanoparticles join therapeutic functions with diagnostic
features for targeted treatment delivery while permitting real-
time imaging. The integrated medical approach called
theranostics demonstrates how nanotechnology joins forces
within medical science according to reports from Gupta et al.,
2024 and Wang et al., 2024.

Energy systems show substantial improvements from
adopting interrelated interdisciplinary methods.
Nanostructured materials have boosted nuclear reactor safety
and performance standards because of their improved
resistance to harsh radiation and thermal stresses.
Nanocoatings extending the operation lifespans of reactor
components while reducing wear results in reduced
maintenance  expenses by helping resist corrosion.
Nanoparticles provide a critical solution to nuclear waste
management as they immobilize radioactive isotopes within
stable matrices that protect against environmental
contamination. The latest advancements in reactor systems
simultaneously improve response to potential safety issues
while supporting sustainable energy strategy development
(Yang et al., 2024; Russo et al., 2024).

Impact of Interdisciplinary Fields on Major Applications

Felds
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- Particle Dynamics
= Nanotechnalogy
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Energy Medicine Environment
Applications

Graph 1: Impact of Interdisciplinary Fields on Major
Applications

This bar graph highlights the relative impact of nuclear
physics, particle dynamics, and nanotechnology across three
key applications: energy, medicine, and the environment. The
scale from 1 to 10 evaluates the significance of each field to
demonstrate their integrative power which moves sustainable
energy systems forward while transforming medical
treatments and solving environmental problems. Visual
analysis shows how different scientific fields work together to
create groundbreaking solutions for worldwide problems.
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The environmental benefit of joining nuclear physics with
particle dynamics and nanotechnology demonstrates their
transformative application potential. We are now using
engineered nanoparticles more often to purify both water
systems and soil that contains radioactive particles. Ligand-
functionalized magnetic nanoparticles demonstrate selective
bonds to radioactive isotopes which enable persistent
contaminant site cleanup processes. Particle dynamics
computations enable the prediction of radioactive spread
across ecosystems so scientists can better handle emergencies
and assess related risks. Interdisciplinary approaches stand as
essential elements to balance environmental protection efforts
along with maximizing the dating benefits of nuclear
technologies according to findings by Zhou et al., 2023 and
Gupta et al., 2024.

The development of improved technologies persists to face
difficulties when it comes to unifying various scientific fields
effectively. Predictive modeling struggles with particle
interactions because they follow stochastic rules at the
nanoscale which leads to the necessity of hybrid Monte Carlo
methods for advancement in computation. Through these
models, scientists analyze nanoparticles within advanced
systems to improve their design for particular uses. The
simulation processes need significant computation resources
and experimental tests reveal that funding for infrastructure
must continue alongside interdisciplinary team cooperation
(Chow et al., 2025; Carter et al., 2023).

Implementation devices raise several ethical questions when
used for these applications. Nanoparticles require
comprehensive safety evaluations because they pose potential
toxic risks that sustain environmental impacts. The proper
monitoring of nuclear materials in medical and energy fields
becomes essential both to stop their wrongful use and to
maintain public trust. Multiple research bodies alongside
government planners and industry executives need to innovate
firm regulatory standards and promote transparency practices.
(Ahmed et al., 2023; Zhou et al., 2023)

A paradigm shift in scientific innovation emerges from
bringing nuclear physics together with particle dynamics and
nanotechnology fields. Through interdisciplinary cooperation,
scientists enhance their knowledge of the cosmos and create
important solutions for contemporary human problems.
Interdisciplinary science and technology innovatively
transform cancer therapy and sustainable energy production
while simultaneously reducing environmental dangers.
Researchers who leverage multiple disciplines will receive
information about their theoretical foundations intertwined
with technological advances alongside practical applications
which will show how these fields direct scientific and
technological evolution.

% Technolegical Innovations

J Practical Applications

Figure 1: Integration of Nuclear Physics, Particle Dynamics,
and Nanotechnology

Applications of Nanotechnology in Nuclear

Physics and Particle Dynamics

Nanotechnology transformed nuclear physics and particle
dynamics by enabling innovations that improve efficiency
standards as well as safety measures and support sustainable
practices.  Through nanoscale  matter  manipulation,
nanotechnology shows transformative potential in energy
systems and particle detection while medical technologies
benefit from improved precision and durability in
environmentally sustainable ways.

Nanotechnology applications have resolved many historical
challenges in the nuclear energy field. Traditional nuclear
reactors are limited by problems involving radiation damage
to materials while operating in thermal inefficiency plus the
need to handle radioactive waste safely. Zirconium-dioxide
and nanoparticles based on tantalum together with other
nanostructured substances have been introduced to nuclear
reactors specifically to counteract radiation-induced damage
while enhancing heat distribution efficiency. The fuel rods
cladding utilizes zirconium-based alloys which acquire
nanoscale coatings to strengthen against both corrosion and
neutron impact. The latest advances lead to extended energy
production durations for nuclear reactors while decreasing
failure risks when the systems experience hard conditions
(Ikhazuagbe et al., 2024; Roy et al., 2022). Tantalum oxide
coatings exhibit reliable performance within high-radiation
settings by showing essential durability and heat resistance
needed for the development of next-generation nuclear
reactors (Jiao et al., 2024).

The use of nanofluids in reactors represents a nanotechnology
advancement that optimizes heat transfer processes.
Researchers create nanofluids by dispersing nanoparticles
including aluminum oxide and copper oxide as well as carbon
nanotubes through conventional cooling fluids. The greatly
increased thermal conductivity, heat capacity, and viscosity of
these fluids permit more effective heat extraction from reactor
cores. Nanofluids improve molten salt reactors by allowing
those systems to operate at higher temperatures which
maintains better thermal stability and increases both energy
efficiency and power output. The development of advanced
reactors, like thorium reactor systems demonstrates essential
demand for high thermal capability which maximizes energy
production efficiency (Gupta et al., 2024; Zhou et al., 2023).

Field Key Major
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(e.g., magnetic | radioactive

contamination
in water and
soil.

- Enhanced
disaster
response  and
safety.

Table 1: Comprehensive Applications of Nanotechnology in
Nuclear Physics and Particle Dynamics

Nanotechnology possesses tremendous potential to transform
radioactive waste management into an essential application
domain. The safe disposal of nuclear waste demands materials
advanced in complexity and able to contain radioactive
substances from environmental contact. Scientists developed
magnetic nanoparticles that take advantage of surface
functionalization with thiols and carboxyl chelating agents to
trap specific radioactive isotopes. These nanomaterials
demonstrate efficient extraction capabilities of radionuclide
contaminants such as cesium-137 and strontium-90 from both
soil and liquid samples. Technologists are assessing nanoscale
encapsulation methods to create stable matrices that
immobilize radionuclides and prevent environmental
contamination throughout extended storage periods. The
optimization of nanoparticle designs for efficient field-scale
application benefited greatly from computational simulations
which base their frameworks on particle dynamics (Jiao et al.,
2024; Wang et al., 2024).

The role of nanotechnology in particle physics shows equal
importance to other forms of research within this scientific
area. To record subatomic particle activity high-energy
physics experiments depend on advanced sensitive detectors
along with high precision levels. Nanostructured materials
like graphene and quantum dots generate new possibilities in
particle detection by achieving energy efficiency once thought
impossible alongside perfect resolution. The study of
fundamental forces across the universe depends on these
detectors which examine neutrino oscillations and quark-
gluon plasmas. Graphene-based sensors operate at large
particle research facilities like CERN because their
exceptional electron mobility and sensitivity make them
suitable for accurately measuring particle interactions
(Demarteau et al., 2016; Gupta et al., 2024).

Particle accelerators have benefited from nanotechnology
since precise particle beam management remains critical for
their operation. The use of nanoscale material coatings on
beamline components minimizes particle collision energy
waste while strengthening high-energy beam steadiness.
Nanoscale material coatings on particle accelerators deliver
stable experimental results which enables scientists to
investigate supersymmetry, dark matter, and other complex
physics phenomena. Nanofabrication methods applied to
accelerator components development decrease production
expenses but increase performance consistency which helps
make high-energy physics experiments more affordable to
operate (Zhou et al, 2023). The combination of
nanotechnology with nuclear and particle sciences has
transformed both diagnoses and treatment methods within
medical physics.

Gold nanoparticles (AuNPs) established their essential role in
cancer treatment through both biological compatibility and
their easily modifiable surface features coupled with
extraordinary light interaction abilities. The use of AuNPs as
radiosensitizers strengthens radiation therapy because these
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particles direct energy delivery to tumor cells. Through this
approach cancer treatment becomes less harmful to normal
tissues and results in better treatment effects. The successful
optimization of nanoparticle utilization in guided delivery and
treatment success depends on Monte Carlo simulations
according to recent studies by Gupta et al., 2024 and Jiao et
al., 2024.

Medical researchers have developed mesoporous silica
nanoparticles (MSNs) which operate as multifunctional
theranostic platforms for both diagnostic imaging and
treatment processes. The functionalization of MSNs with
specific targeting ligands makes it possible for them to
selectively bind antibodies and peptides to cancer cells. The
nanoparticles both transport chemotherapy medication
directly to tumor sites and enable imaging during treatment
times. MSN technology marks a major landmark in
nanomedicine because it both decreases systemic toxicity
levels and supports personalized therapy approaches (Roy et
al., 2022; Zhou et al., 2023). Nanotechnology allows for
neutron capture therapy beyond traditional radiotherapy
through boron particle cells which snag neutrons to generate
high-energy alpha particles for tumor destruction.

In particle dynamics and nuclear physics environmental
nanotechnology has solved core challenges related to nuclear
contamination cleanup. Chelating-molecule functionalized
magnetic nanoparticles target radionuclides found in
radioactive water and soil for removal. Through their ability
to separate uranium isotopes as well as cesium and iodine
particles nanoparticles substantially lower the environmental
impact of nuclear operations. Researchers use particle
dynamic computation models to ensure nanoparticles perform
effectively during widespread remediation procedures. Real-
time radiation monitoring systems operate at the nanoscale to
deliver essential data for disaster relief actions and
environmental inspection according to research documented
by Wang et al. (2024) and Zhou et al. (2023).

The revolutionary capability of nanotechnology in particle
and nuclear sciences must overcome multiple obstacles. High
environmental stability alongside nanoparticle toxicity
requires strict regulatory safety evaluation methods. The long-
term fate of magnetic nanoparticles remains a subject of
ongoing study within environmental systems despite their
excellent performance in radionuclide removal. Technical
difficulties combined with financial obstacles make the large-
scale generation of premium-grade nanoparticles essential for
industrial use.

Maintaining the synthesis consistency of nanoparticles while
preserving their unique properties remains difficult and
demands ongoing investment in research and development
(Ahmed et al., 2023; Jiao et al., 2024). The combination of
nanotechnology and nuclear physics with particle dynamics
makes it essential to study through an interdisciplinary
research model. Both material scientists and biomedical and
computational physicists should collaborate to overcome both
technical and societal obstacles. Nanotechnology achieves its
transformational ~ capabilities across energy  systems

environmental cleanup  healthcare  through  effective
interdisciplinary synergy.

Nanotechnology in Environmental
Remediation of Nuclear and Radiological

Contamination

Nanotechnology represents an essential approach to nuclear
and radiological contamination because it combines precise
targeting with high efficiency and broad applicability beyond
traditional solutions. Scientists utilized nanoparticle properties
to design advanced methods that achieve radionuclide
removal alongside monitoring efforts to achieve sustained
stabilization. This method produces substantial consequences
for ecological safety and human health protection alongside
sustainable management of nuclear power technologies.

Researchers currently use magnetic nanoparticles (MNPs) as
their primary tool in the cleanup of radioactive contamination
environments. Research has shown that particularly well-
performing magnetic particles made from Fe304
nanoparticles  achieve  high-efficiency  removal  of
radionuclides including cesium-137 and uranium from
polluted water bodies and soil systems. Chelating fusions
thiols along with phosphonates improve MNP functionality
through increased specificity towards particular radionuclides.
Research outcomes demonstrated that the means demonstrated
lead beyond 95% efficacy in radionuclide extraction across
complicated  environments  which  included  other
contaminative ions. Maintaining significant efficiency ratings
becomes an essential component to clean polluted
environments, especially around water sources in nuclear
facility vicinities (Selim et al., 2024; Baby et al., 2022;
Stiufiuc et al., 2024).

The production of MNPs progressed through green synthesis
approaches which reduced the ecological damage linked to
their manufacture. Nanoparticle production from natural
sources involving Azadirachta indica (neem) and Moringa
oleifera extracts creates materials that remain biocompatible
while showing strong reactivity. Biogenic nanoparticles
maintain superior stability while proving effective in full-
scale water and soil processing to remove radionuclides and
researchers are documenting their utility (Adesibikan et al.,
2024; Selim et al., 2024).

Nanotechnology | Application Benefits

Tool

Magnetic Adsorption of | High selectivity

Nanoparticles radionuclides like | and efficiency,

(Fe304) cesium-137 and | removal rates
uranium from | exceeding 95%.

water and soil.

Zero-Valent Iron | Reduction of | Effective in

Nanoparticles radionuclides to | treating  mixed

(nZVI) insoluble  forms | contamination
for scenarios, strong

immobilization in | reductive

soil or water. capabilities.
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Biochar- Enhanced Removal

Supported adsorption  and | efficiencies

Nanoparticles immobilization of | exceeding 99%
radionuclides in | in field trials.
contaminated
soils.

Graphene-Based Real-time Rapid, non-

Sensors detection of | invasive
gamma radiation | monitoring  of
and mapping | radioactive
contamination contamination
hotspots. levels.

Hybrid Dual-purpose Enhanced

Nanoparticles radionuclide scalability  and
extraction and | functionality in
contamination diverse
visualization. environmental

conditions.

Table 2: Nanotechnology in Environmental Remediation of
Nuclear and Radiological Contamination

The versatility of functionalized nanoparticles makes them
practical for effective radionuclide sequestration. Among
fission byproducts cesium-137 emerges as one of the toughest
to handle since it demonstrates both high solubility and
mobility through groundwater systems. Crown ethers and
calixarenes functionalized silica nanoparticles exhibit
exceptional selectivity for cesium ions thus providing swift
removal capabilities even under conditions of high salinity.
Titanium dioxide nanoparticles demonstrate substantial
effectiveness as agents for capturing uranium. Such
nanoparticles create stable uranium complexes which stop
radioactive leakage into groundwater thus providing long-
term management solutions for hazardous waste materials
(Jiao et al., 2024; Baby et al., 2022).

The use of zero-valent iron nanoparticles (nZVI) resulted in
substantial beneficial changes for water remediation
processes. Through their strong reductive abilities,
nanoparticles convert radionuclides into insoluble forms that
subsequently become trapped in soil or water matrices. Fe-Pd
and Fe-Ni bimetallic nanoparticles accelerate radionuclides
and persistent organic pollutants degradation through their
catalytic reaction surfaces. Mixed contamination conditions
involving radionuclide and organic toxin presence find great
treatment success with these materials (Selim et al., 2024;
Adesibikan et al., 2024).

Soil remediation processes have been completely transformed
by advances in nanotechnology. Contaminated soil
remediation has significantly benefited from using biochar-
assembled nanoparticles which demonstrate  superior
performance in trapping and stabilizing radionuclides. When
biochar merges with nanoparticles it fortifies their stability
and boosts their capacity to adsorb materials. Biochar-
nanoparticle composites tested in recent field studies
demonstrated removal efficiencies beyond 99% when dealing

with various radionuclides such as cesium strontium and
uranium (Babey et al., 2022; Ahmed et al., 2023).

Advanced nanosensors now make real-time monitoring of
radioactive contamination possible. Functionalized metal
oxides make graphene-based sensors effective at monitoring
low gamma radiation levels essential for contamination
analysis. These rapid quantum dot-based nanosensors offer
non-invasive detection capabilities when they fluoresce due to
radionuclide presence. Through precise mapping of
radioactive areas modern technologies allow remediation
teams to focus their efforts on specific zones which decreases
the need for unnecessary treatments (Stiufiuc et al., 2024;
Ahmed et al., 2023).

Multiple functional components integrated into hybrid
nanoparticles establish these materials as a new frontier for
advancing environmental clean-up technologies. These novel
materials perform radionuclide extraction tasks while
providing optical or magnetic functionality to enable
simultaneous remediation and monitoring purposes. The
simultaneous extraction of radionuclides and visualization of
contamination levels become possible by combining magnetic
nanoparticles with fluorescence coatings. Particle dynamics-
based computational models together with simulation tools
refined these remediation systems to maintain consistent
performance across environmental variations while expanding
their scalable applications (Selim et al., 2024; Jiao et al.,
2024).

Nanotechnology development for uranium site cleanup
processes demands serious reflection on sustainability aspects.
The implementation of green synthesis approaches leads to
eco-friendly nanoparticle production that results in biological
compatibility enhancements. Current research examines ways
to recycle molecules and recover nanoparticles following
remediation work which helps lower expenses while
minimizing waste. Researchers working in this field meet
global sustainability mandates while proving how responsible
technological advances can resolve nuclear contamination
problems (Baby et al., 2022; Adesibikan et al., 2024).

Integrating nanotechnology within environmental cleanup
efforts encounters multiple problematic factors even though it
shows great potential. Ecosystems plus non-target organisms
demand complete risk evaluations because nanoparticles pose
potential toxic risks. The production of nanoparticles at large
scales faces substantial barriers that prevent widespread
application. Industrial scale maintenance of functional product
quality presents resource-intensive complications and
operational complexity. Overcoming these difficulties
demands the combined efforts of material scientists,
environmental engineers, and regulatory agencies as
explained by recent research (Ahmed et al., 2023; Baby et al.,
2022).
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Figure 2: Nanotechnology in Nuclear Remediation

The deployment of nanotechnology to fight nuclear and
radiological contamination creates major changes in
approaches to environmental remediation. The convergence of
state-of-the-art material science techniques with inventive
engineering advancements creates effective strategies to
tackle major environmental problems presented by nuclear
technology. The improvements produced in this field offer
greater nuclear energy safety while also advancing
environmental preservation efforts together with public health
objectives.

Nanotechnology in Nuclear Medicine and
Radiotherapy

Nuclear medicine and radiotherapy now operate more
effectively thanks to nanotechnology which brought sweeping
upgrades across diagnostics and therapeutics plus monitoring
abilities. The distinctive attributes of nanoparticles (NPs)
which include a substantial surface area-to-volume ratio and
adaptable physicochemical characteristics allow researchers to
overcome traditional medical problems like treatment
resistance together with poor bioavailability and unintended
toxic effects against healthy cells. The section explains
nanotechnology applications for diagnostic imaging and
radiosensitization while addressing theranostic
implementation at sufficient depth levels.

Diagnostic Imaging

The diagnostic imaging field has transformed with
nanoparticles which deliver exceptional precision and contrast
capabilities. AuNPs take precedence in research throughout
this field because they exhibit a very high X-ray attenuation
coefficient. These particles' potential for both absorbing and
scattering X-rays establishes them as the perfect contrast
agents for CT scans. Research shows AuNPs enhance imaging
contrast-to-noise levels by 150% over iodine-based contrast
types which helps in better viewing both tumor edges and
vascular structures as well as differing tissue types. This
capability proves essential for early-stage cancer detection
since existing imaging techniques cannot detect subtle
morphological changes (Ko et al., 2024; Liu et al., 2024).

Nanotechnology changes magnetic resonance imaging (MRI)
as much as CT imaging was previously affected by this
technology. Iron oxide nanoparticles (IONPs) demonstrate

superparamagnetic properties which make them effective as
MRI contrast agents. The use of nanoparticles to reduce T2
relaxation times delivers darker signals in T2-weighted
images which enhances the distinction between healthy and
diseased tissue. The targeting capacity of functionalized
IONPs conjugated with tumor-specific antibodies or peptides
is elevated for precise detection of HER2-positive breast
cancers as well as integrin-expressing glioblastomas.
Scientific research proved functionalized RGD-peptide IONPs
had a 90% success rate in detecting integrin-overexpressing
tumors which shows their potential in molecular imaging
(Prasad et al., 2024; Shi et al., 2024).

Quantum dots (QDs) offer another dimension to molecular
imaging through their fluorescent properties. The unique
property of size-tunable emission spectra in QDs allows
scientists to image multiple biomarkers with different colors
within the same sample unlike before with conventional
fluorophores. Quantum dots paired with VEGF-targeting
antibodies allow scientists to monitor angiogenesis in tumors
while giving immediate information about disease
advancement and treatment performance. Due to QDs'
exceptional  brightness and improved photostability
researchers achieve prolonged imaging durations that prove
essential for preclinical studies as well as clinical practice
(Rajendra & Selvaraj, 2024; Shi et al., 2024).

Radiolabeled nanoparticles bring together diagnostics with
therapeutic capabilities while combining an integrated
platform for simultaneous imaging and treatment tasks.
Researchers used technetium-99 m-tagged silica nanoparticles
to perform single-photon emission computed tomography
(SPECT) and determine tumor metabolic activity. These
nanoparticles perform dual functions enabling concurrent
treatment delivery to cancer tumors along with real-time
therapeutic monitoring. Patient treatment results benefit
greatly because dual-function medical technologies permit
clinicians to make necessary treatment adjustments during
active patient management (Prasad et al., 2024; Shi etal.,,
2024).

Nanoparticles as Radiosensitizers

The fundamental use of radiotherapy to treat cancer
treatments has become more effective with nanotechnology
integration. Gold nanoparticles function as highly effective
radiosensitizers because their atomic number of 79 enables
increased ionizing radiation absorption via the photoelectric
effect. The application of nanoparticles results in secondary
electron production causing localized oxidative stress
alongside DNA damage which then induces tumor cell death.
The combination of AuNPs with radiation therapy results in
tumor Research shows that AuNPs amplify in situ radiation
exposure 5.5-fold enabling physicians to administer lower
radiation levels while still achieving desired therapeutic
effects. Reduced radiation dosing benefits pediatric oncology
treatments because children must receive limited exposure to
avoid serious long-term consequences (Tarantino et al., 2025;
Ko et al., 2024).
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AuNPs  demonstrate  better  tumor  specificity and
biocompatibility when researchers attach polyethylene glycol
(PEG) molecules. PEGylation extends nanoparticle circulation
duration and results in improved tumor accumulation by
utilizing the enhanced permeability and retention (EPR)
effect. The functionality of AuNPs to target cancer cells
increases when targeting ligands like folate or transferrin bind
to receptors that cancer cells produce more than other cells
which reduces unintended side effects. Recent studies present
plant extract-based green synthesis approaches as a means to
produce environmentally friendly biocompatible AuNPs
(Prasad et al., 2024).

As functional agents in neutron capture therapy researchers
use boron-containing nanoparticles beyond gold nanoclusters
(AuNPs). Boron-containing nanoparticles transport boron to
specific cancer cells so that neutron irradiation can start a
nuclear reaction releasing powerful alpha particles. The
reaction generated by boron-containing nanoparticles
selectively destroys cancer cells without damaging adjacent
healthy tissues. Through developing boron nitride nanotubes
current nanoparticle engineering methods now show improved
delivery systems with enhanced stability which lets NCT
become a practical treatment alternative for brain
glioblastomas plus head-and-neck cancers (Shi et al., 2024;
Liu et al., 2024).

Theranostic Applications

The combination of diagnostics and therapeutic functions
within single nanoparticles defines theranostics that transform
personalized medicine through immediate evaluation of
treatment success. Mesoporous silica nanoparticles (MSNs)
illustrate this therapeutic strategy by delivering drugs in a
controlled manner and providing diagnostic imaging
functions. The functionalization of MSNs with tumor-
targeting ligands leads to the precise delivery of drugs to
cancer-specific sites. Scientific research indicates that MSNs
filled with doxorubicin and tagged with NIR fluorophores can
successfully treat breast and lung cancers while offering live
monitoring of drug release (Prasad et al., 2024; Shi et al.,
2024).

Liposomes represent a promising approach for theranostic
application development. Therapeutic and imaging molecules
work together within lipid-based nanoparticles to offer
combined diagnostic and treatment options. Radiolabeled
liposomes that include ~177Lu have shown success in
providing focused radiotherapy alongside high-resolution
imaging which monitors therapeutic effects. Through
environmental triggers such as pH or temperature variations,
stimuli-responsive liposomes achieve enhanced therapeutic
accuracy while minimizing unintended toxic effects according
to Ko et al. (2024).

Diagnostic - Gold nanoparticles | - Improved

Imaging for enhanced X-ray | imaging
contrast in CT | precision
imaging. and contrast.
- Iron oxide | - Enhanced
nanoparticles for | visualization

targeted MRI imaging. | of  tumor
- Quantum dots for | margins.

molecular imaging. | - Real-time
- Radiolabeled silica | monitoring
nanoparticles for | of disease
SPECT imaging and | progression.
therapy.

Radiosensitizers | - Gold nanoparticles | - Increased
for amplifying | tumor-
radiation effects. | specific
- PEGylation for | radiation
enhanced tumor | dose.
specificity. - Reduced

- Boron nanoparticles | exposure to
for neutron capture | healthy
therapy (NCT). tissues.

- Enhanced
efficacy in
complex
cancer
cases.

Theranostic - Mesoporous silica | - Integration
Applications nanoparticles (MSNs) | of

for controlled drug | diagnostics
release and imaging. | and therapy.
- Radiolabeled | - Real-time
liposomes for dual | treatment

functionality. monitoring.
- Stimuli-responsive | - Reduced
liposomes for targeted | systemic
therapy. toxicity and
better
outcomes.

Aspect Key Nanotechnology | Benefits
Innovations

Table 3: Nanotechnology in Nuclear Medicine and
Radiotherapy: Innovations and Impact

Nanotechnology in Radioactive Waste
Management and Environmental

Decontamination (Finalized Version)

Experts recognize nanotechnology as a revolutionary
technique for radioactive waste management and for cleaning
environments impacted by radionuclide contamination.
Because nanotechnology facilitates precision operation at
atomic dimensions it enhances detection and stabilization of
radioactive materials and surpasses shortcomings of ion
exchange chemical precipitation and filtration techniques. The
high surface-to-volume ratio combined with customizable
surface functionality and intense reactivity characteristic of
nanoparticles allowed researchers to develop new methods to
extract radionuclides.
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The main way radionuclides attach to nanoparticles includes
electrostatic attraction together with ion exchange processes
as well as surface complexation actions and reduction.
Positively charged nuclear species like cesium (Cs+) along
with uranium (UO272+) show strong binding to negatively
charged functional groups present on nanoparticles. The
special surface modifications applied to nanoparticles increase
interaction potency thus enhancing specificity as well as
removal proficiency. Among all nanoparticles researched for
radionuclide removal studies stand magnetic nanoparticles
based on iron oxide. The magnetic properties of the
nanoparticles enable simple retrieval from water-filled
environments through the use of magnetic fields which
reduces secondary waste production. Functionalized magnetic
nanoparticles show exceptional uranium ion removal
efficiency of greater than 90% in wastewater containing
competing metal ions which makes them highly suitable for
nuclear waste management on an industrial scale (Chernysh et
al., 2024).

Recent applications of magnesium nanoparticles and titanium
compounds such as titanium nitride and titanium dioxide
represent key advances in radionuclide remediation
techniques. Laser ablation synthesis yields stable TiN
nanoparticles  which  demonstrate  strong  adsorption
capabilities against cesium-137. Research confirms that these
advanced nanoparticles remove cesium more effectively than
traditional adsorbents reaching removal rates of up to 98%
from water systems. Due to their photocatalytic properties,
TiO2 nanoparticles eliminate organic impurities and adsorb
dangerous radionuclides including uranium and strontium
which makes them suitable for tackling sophisticated
pollution challenges (Syuy et al., 2024).

Scientists recognize biomass pyrolysis products called biochar
as both low-cost and environmentally friendly agents that
immobilize radioactive contaminants across different media
such as soil and water. The adsorption capacity of
functionalized biochar increases when nanoparticles such as
iron oxide or graphene oxide integrate with it through surface
complexation and ion exchange reactions to enable reduction.
Biochar demonstrated a potent reduction effect on uranium
bioavailability in polluted soils by approximately 60% which
greatly decreases environmental threats from uranium
movement. Because it works together with soil microbial
populations biochar facilitates their ability to convert soluble
hexavalent uranium into a less mobile tetravalent form as part
of their natural adsorption function. The dual mechanism
serves two functions while immobilizing the radionuclide it
helps restore ecological balance within contaminated soils
(Huang et al., 2024).

Nanotechnology represents a pioneering force that
transformed approaches toward treating both water and soil
contamination. Due to their strong capacity for redox
reactions, scientists have selected zero-valent iron
nanoparticles (nZVI) as a top water purification technology
for treating groundwater. Radionuclides such as uranium and
technetium undergo reduction to insoluble phases by specific
nanoparticles which prevent their diffusion through soil

layers. Intensive field studies show that nZVI-based methods
succeed at immobilizing more than 90% of radionuclides in
contaminated water sources as an affordable replacement for
traditional cleanup strategies. Graphene oxide-supported nZVI
composites  have  demonstrated enhanced remedial
effectiveness through nZVI’s reductive strengths and
graphene oxide’s exceptional adsorption properties (Prasad &
Selvaraj, 2024).

Nanomaterials used for radioactive waste encapsulation
provide trustworthy management solutions for subsequent
generations as they handle the containment of high-level
nuclear waste. Waste storage containers achieve enhanced
stability and impermeability when nanocomposites including
graphene oxide and boron nitride are used as an essential
element. Nanomaterials exert resistance against radiation
breakdown and establish strong defenses against radionuclide
seepage. Nanomaterial-reinforced bentonite clay achieves
98% containment of cesium-137 while  markedly
strengthening the durability of barrier cement in waste storage
systems. The recent technological developments play a crucial
role in minimizing long-term waste disposal hazards
(Chernysh et al., 2024).

Nanotechnology Application Benefits

Tool

Magnetic Removal of | Efficient

Nanoparticles uranium and | radionuclide

(MNPs) cesium from | removal (>90%)
wastewater and | with ~ minimal
soil. secondary

waste.

Titanium-Based Adsorption of | High  stability

Nanoparticles radionuclides like | and adsorption

(TiN, TiO2) cesium-137 and | efficiency,
degradation  of | outperforming
organic traditional
pollutants. methods.

Functionalized Immobilization of | Cost-effective

Biochar radionuclides in | and sustainable;
soil and | promotes
interaction  with | ecological
microbial restoration  of
communities for | contaminated
uranium soils.
reduction.

Zero-Valent Iron | Groundwater Effective

Nanoparticles decontamination immobilization

(nZVI) by reducing | in aquifers; cost-
radionuclides to | efficient for
insoluble forms. large-scale use.

Encapsulation Long-term Enhanced

with containment  of | containment

Nanocomposites high-level efficiency
radioactive waste | (>98%);
with enhanced | improved
stability and | durability of
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impermeability. waste  storage
materials.

Table 4: Nanotechnology in Radioactive Waste Management
and Environmental Decontamination

Field applications have documented how nanoparticles stand
out for achieving successful reductions of radionuclide levels
in polluted environments. Scientists used magnetic
nanoparticles in Fukushima, Japan to clean water poisoned by
cesium-137 and saw clear decreases in contamination levels.
At decommissioned mining locations across the United States
biochar-supported  nanoparticles  successfully stabilized
uranium within groundwater while showcasing plausible
scalability and low implementation costs. The long-term
binding stability of radionuclides and nanoparticle leaching
into surrounding environments present ongoing technical
challenges. To combat these issues researchers must persist in
studying sustainable nanoparticle production methods while
developing strong field-testing procedures together with solid
regulatory guidelines to maintain safety levels at deployment
sites.

Nanotechnology in Radiation Detection and
Monitoring (Expanded to Meet

Requirements)

Radiation detection and monitoring gained unprecedented
accuracy and immediate feedback capabilities through the
application of nanotechnology which exploits nanoscale
materials' distinctive qualities for high-performance detection.
Latest advancements have enabled nuclear industries to
achieve safer protocols while environmental monitoring
enhancements together with advanced medical radiation
precision became possible. Researchers and industry experts
combine nanosensors with functionalized nanoparticles and
IoT systems to develop revolutionary radiation detection
solutions that maximize measurement efficiency.

Quantum dots (QDs), and carbon nanotubes (CNTs) along
metal-based nanoparticles demonstrate essential effectiveness
in boosting radiation sensor capabilities. Quantum dots
produce adjustable photoluminescence features that enable the
exact identification of different radiation forms. Radiation
exposure makes QDs alter their fluorescence to deliver
essential information about both energy levels and radiation
intensity. Researchers have deployed this technique for alpha
and beta radiation detection in environmental monitoring
tasks that focus on contamination assessments surrounding
nuclear power plants (Syuy et al., 2024; Huang et al., 2024).

CNTs represent one of the top choices as nanomaterials for
radiation detectors because they combine a high ratio of
length-to-diameter  with  strong electrical transmission
properties and environmental monitoring reactivity. Scientists
have embedded functionalized carbon nanotubes into FET
devices for radiation measurement through electrical
resistance variation detection. Functionalized CNT sensors
create a mechanism that allows identification of tiny levels of
alpha and gamma radiation therefore CNTs fit for use in

nuclear facilities as well as radiation protection systems. New
research demonstrates that sensors crafted from CNT
materials maintain their operational capabilities under extreme
radiation levels which validates their extended application
value in areas that receive high radiation exposure (Chernysh
et al., 2024).

The use of functionalized nanoparticles with gold and silver
nanostructures leads to major improvements in radiation
detection system performance regarding sensitivity and
specificity. Through surface plasmon resonance (SPR) effects
these nanoparticles strengthen detection signals allowing
researchers to observe low-dose ionizing radiation.
Environmental remediation sensors now contain gold
nanoparticles which detect low amounts of cesium-137 and
uranium contamination effectively. The technology proves
essential for tracking radiation in surrounding soils and
aquatic environments around deactivated reactor locations
(Prasad & Selvaraj, 2024).

Real-time radiation monitoring capabilities have transformed
through nanosensor integration with 10T platforms.
Nanosensor networks achieve wireless data transmission on
radiation status that central control systems use to monitor
nuclear facilities and polluted locations continuously. Remote
radiation monitoring of dangerous spaces through loT-
connected systems means faster responses and safer
conditions for operators. After the Fukushima nuclear
disaster, Japan deployed loT-connected nanosensors across
the region. Through these systems, radiation dispersion was
monitored leading to informed cleanup methods and reduced
ecological damage (Chernysh et al., 2024).

The transformative power of nanosensors exists in parallel
with considerable implementation challenges. Producing
nanosensors at larger scales becomes difficult because
designers must find ways to retain both sensitivity and
functionality. Nanosensors need extensive research to
improve their durability in extreme settings and resistance to
radiation damage over extended timeframes. Attention needs
to be directed toward the interoperability requirements of
emerging nanosensors with existing radiation detection
systems in older nuclear facilities (Syuy et al., 2024).

Infrastructure Compatibility

Technological
Integration

Figure 3: Challenges in Nanoscale Radiation Detection
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Nanotechnology in Nuclear Medicine and
Radiotherapy

Nanotechnology stands at the forefront of nuclear medicine
and radiotherapy transformation through its introduction of
highly targeted methods for diagnostics and treatment as well
as theranostics. The distinct properties of nanomaterials
including their extensive surface area combined with
adjustable features and versatile functionality have led
scientists to create systems that optimize radiation therapy
effectiveness  while allowing specific delivery of
radiopharmaceuticals and synchronization of diagnostic
methods with treatment options. The latest wave in
personalized medicine improves patient survival rates while
reducing negative side effects for the body.

The application of nanoparticles has brought substantial
progress to nuclear medicine imaging methodologies. As
highly efficient CT imaging contrast agents gold nanoparticles
(AuNPs)  demonstrate  superior ~ X-ray  attenuation
characteristics because of their elevated atomic number and
chemical properties. Studies show that AuNPs produce
superior imaging of tumor structures and their blood vessels
through enhanced contrast-to-noise performance when
compared to conventional iodine-based imaging agents. The
precision of nanoparticle-based tumor imaging has been
improved by attaching ligands specifically targeted to tumors
through functionalization with antibodies or peptides (Huang
et al., 2024; Syuy et al., 2024).

Superparamagnetic iron oxide-based magnetic nanoparticles
impinged transformative advances on magnetic resonance
imaging (MRI) capabilities. Magnetic nanoparticles produce
strong local magnetic field gradients which produce greater
distinctness between normal organs and diseased tissues.
Magnetic nanoparticles functionalized with ligands that target
specific biomarkers exemplified by HER2 for breast cancer
and integrins for glioblastomas produce precise molecular
imaging. MNPs functionalized with RGD peptides reveal
integrin-heavy tumors with distinctive precision which
facilitates both initial disease identification and ongoing
progress tracking according to recent research findings
(Chernysh et al., 2024; Prasad & Selvaraj, 2024).

Nanotechnology advancements have transformed
radiosensitizers to become fundamental for improving
radiotherapy effectiveness. Gold nanoparticles perform as
effective radiosensitizers to cancer cells because their high Z-
value magnifies radiation damage. Radiation absorption by
these nanoparticles results in secondary electron emission
which causes oxidative damage at the local site causing DNA
destruction and subsequent cancer cell death. AuNP
treatments for tumors resulted in substantial size reductions
with lower radiation doses in preclinical studies when
contrasted with standard therapy methods and confirmed their
capability to protect healthy tissues (Huang et al., 2024;
Chernysh et al., 2024).

Nanoparticles containing boron serve as fundamental
components in neutron capture therapy which performs
targeted radiotherapy. These nanoparticle designs function as

vehicles to transport boron atoms into tumor cells which then
activate nuclear mechanisms through neutron irradiation to
generate destructive alpha particles. The reaction takes place
at the cancer site so healthy tissue remains untouched while
the cancer cells receive lethal doses of radiation. Scientific
improvements in boron nitride nanotubes boost boron
compound stability and delivery so NCT becomes an effective
treatment method for severe cancers such as glioblastomas
and head-and-neck cancers (Prasad & Selvaraj, 2024).

The union of diagnostic capabilities and treatment within
theranostic platforms has transformed the approach to
personalized medicine. Mesoporous silica nanoparticles
(MSNs) serve as examples of therapeutic imaging compounds
that package chemotherapeutic agents. The addition of tumor-
specific ligands to MSNs produces targeted drug delivery
mechanisms that minimize systemic toxicity effects. MSNs
loaded with doxorubicin linked to near-infrared fluorophores
exhibit successful treatment outcomes against triple-negative
breast cancer and allow scientists to track drug dispersal as it
occurs. Healthcare professionals receive immediate analysis
which supports the modification of therapeutic plans as real-
time information continues to unfold through these systems
(Chernysh et al., 2024).

Polymer-based nanocarriers and liposomes demonstrate
significant potential applications within nuclear medicine. The
design of radiolabeled liposomes carrying
radiopharmaceuticals creates multiple benefits for both
medical imaging and targeted therapeutic applications.
Liposomes with sensory control systems deliver drugs with
maximum precision when environmental changes such as
temperature or pH levels activate their content release.
Liposomes programmed to expose their contents within acidic
tumor  microenvironments  deliver radiopharmaceuticals
efficiently to hypoxic tumors which conventional therapy
cannot treat effectively (Huang et al., 2024; Syuy et al., 2024).

Modern multi-modal imaging platforms have become possible
because scientific advancements combined nanotechnology
with state-of-the-art imaging strategies. The creation of hybrid
nanoparticles with both magnetic and optical properties makes
possible simultaneous MRI and fluorescence imaging for
detailed tumor biology examinations. The platforms improve
surgical accuracy while giving doctors live visuals of tumor
boundaries and helping prevent partial removal of tumors
(Chernysh et al., 2024).

Application Key Innovations Major
Area Benefits
Diagnostic Gold nanoparticles Improved
Imaging (CT) (AuNPs) with visualization
tumor-targeting of tumor
ligands for structures and
enhanced CT vasculature;
imaging contrast. enhanced
contrast-to-
noise ratio.
Magnetic Superparamagnetic Molecular-
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Resonance iron oxide level imaging
Imaging (MRI) nanoparticles for early
functionalized with diagnosis;
biomarkers for real-time
targeted MR monitoring of
disease
progression.
Radiosensitizers | Gold nanoparticles Significant
for amplify radiation tumor size
Radiotherapy effects and reduce reduction at
collateral damage to lower
healthy tissues. radiation
doses;
reduced
systemic
toxicity.
Neutron Capture Boron nitride Highly
Therapy (NCT) nanotubes deliver localized
boron atoms for therapy
neutron capture and sparing
selective cancer cell healthy
destruction. tissues;
effective for
aggressive
malignancies.
Theranostic Mesoporous silica Real-time
Platforms nanoparticles imaging of
(MSNs) integrating | drug release;
imaging agents and actionable
chemotherapeutics insights for
for targeted therapy. | personalized
treatment
adjustments.
Multi-Modal Hybrid Enhanced
Imaging nanoparticles precision in
Platforms combining surgical
magnetic and interventions;
optical properties reduced risk
for simultaneous of incomplete
MRI and tumor
fluorescence resections.
imaging.

Table 5: Nanotechnology in Nuclear Medicine and
Radiotherapy: Innovations and Benefits

The application of nanotechnology in nuclear medicine and
radiotherapy faces persistent challenges during clinical
translation. Nanotechnology requires solutions for the
sustained compatibility of nanoparticles within organisms
together with their unintended tissue buildup and product
manufacturing expansion capabilities. Standards must control
the medical application of nanomaterials under their existing
regulatory  frameworks since these protocols need
standardization to achieve safety and efficacy outcomes.
Stakeholder collaboration between research scientists
alongside medical professionals and regulation agencies is

essential to address current problems and release
nanotechnology healthcare capabilities (Prasad & Selvaraj,
2024).

Nanotechnology in  Nuclear  Waste

Encapsulation and Storage

Contemporary nuclear waste management challenges to
isolate dangerous radionuclides and guarantee their secure
containment have found solutions through revolutionary
nanotechnology materials development. Scientific research
utilizing nano-material properties has led to remarkable
improvements in the robustness and performance of waste
encapsulation systems against radiation and structural failure.
The latest scientific breakthroughs have entirely transformed
how we build engineered barriers as well as develop hybrid
composites and self-healing materials for nuclear waste
storage sites.

The geotechnical properties of nacreous materials bentonite
and montmorillonite make them essential in nuclear waste
repositories because their swelling ability and ion exchange
capacity result in lower permeability defenses. The latest
developmental efforts for these materials center around
nanotechnology enhancements. Iron oxide nanoparticle
modifications create nanoclays with greatly improved
capabilities to absorb radionuclides such as cesium-137 and
strontium-90. Independent research demonstrates that
modified barriers achieve over 90% radionuclide leachability
reduction through which deep geological repositories gain
better environmental protection (Tan et al., 2024; Chernysh et
al., 2024). Study results from desiccation stress experiments
show that bentonite-sand mixtures maintain strong resilience
under harsh conditions. These barriers regenerate their barrier
properties through rehydration thereby proving their viability
for durable storage tasks (Tan et al., 2024).

GO has been widely investigated as a reinforcing agent for
cementitious waste forms because of its outstanding
mechanical strength alongside chemical stability. Cement
with GO modification shows increased microcrack resistance
and better radionuclide containment capabilities. Scientific
research indicates the blend of graphene oxide in traditional
cement matrices both diminishes material permeability and
limits radionuclide movement according to Chernysh et al.
2024 and Jabbar et al. 2024. Graphene when fused with silica
or alumina produces hybrid materials which show advanced
thermal resistance to housing high-level radioactive waste
(HLW) under extreme conditions (Huang et al., 2024).

Recent developments in nuclear waste containment have led
to the introduction of phosphate glass and ceramics as
important solutions. Significant amounts of radioactive ions
become encased within crystalline or amorphous structures
through these materials so they cannot move freely. Lead
phosphate glasses show excellent immobilization of cesium-
137 and strontium-90 through ultra-low leaching with
computed rates dropping to 10"-8 g/cm?/day during extensive
testing (Prasad & Selvaraj, 2024). The synthesis of
nanoceramic materials through sol-gel processes provides the
capability for precise pore size control along with structural
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properties that make these materials compatible with many
radionuclides including plutonium and americium (Chernysh
et al., 2024).

Nuclear waste management systems now frequently use
Mesoporous silica nanoparticles (MSNs) because their
customizable pore dimensions alongside extensive surface
areas make them ideal for this purpose. Functionalized MSNs
demonstrate a superior ability to bind radionuclides including
uranium technetium and iodine. The specific targeting
capability of functionalized MSNs through ligands transforms
their application possibilities for radionuclide separation in
mixed waste media. Laboratory investigations have
demonstrated that radionuclide attachments to MSNs maintain
stable containment across extended test durations and these
results suggest their viability as next-generation nuclear waste
encapsulation solutions (Jabbar et al., 2024; Chernysh et al.,
2024).

Nuclear waste containment has reached new scientific heights
because of patent-pending self-healing materials. Engineered
materials work to repair structure strength when they respond
to environmental stressors including moisture penetration and
fluctuating temperatures. The combination of nanoparticles
such as calcium carbonate or silica in self-healing cements
results in crystalline phase formation when exposed to water
which seals cracks and recovers the impermeable condition.
This capability becomes vital for deep geological repositories
since waste containers at these sites must endure extreme
mechanical and thermal strain during their lengthy operational
durations. The integration of self-healing systems into nuclear
barriers can completely lengthen their operational life while
decreasing radionuclide leakage risks over many decades
according to studies by Tan et al., 2024 and Prasad &
Selvaraj, 2024.

Nanotechnology Applications in Nuclear Waste Management

N High Environmental
Self-Healing Protection
Materials
Modified nanoclays offer high
strength and exceptional
environmental protection

Self-healing materials restore
impermeability, ensuring high
environmental safety.

Low Material Strength High Material Strength

Basic nanoclays have low
strength and limited
environmental protection

Graphene oxide-modified
cements provide high
strength but moderate

Low Environmental .
environmental protection

Protection

Figure 4: Nanotechnology in Nuclear Medicine and
Radiotherapy

The potential of nanotechnology to transform nuclear waste
encapsulation methods shows in these developments while
industrial application faces persistent scaling difficulties.
Research needs to advance for scalable synthesis of quality
nanomaterials while preserving their radiation stability over
long periods and cost-effectiveness. The use of nanomaterials
in nuclear waste systems operates under regulatory

frameworks that need development to protect both the
environment and public confidence. Full exploitation of
nanotechnology for nuclear waste management requires
combined actions from academic institutions with industrial
organizations  alongside  governmental  policymakers
(Chernysh et al., 2024; Huang et al., 2024).

Nanotechnology in Radiation Protection
and Shielding

Protecting human beings and machinery along with their
surroundings from ionizing radiation requires critical
advancements in radiation shielding materials. While
traditional shielding materials like lead and concrete protect
against radiation their substantial weight and environmental
harm make them restrictive along with their lack of flexibility.
The integration of nanotechnology into this domain provides
engineers with powerful tools to create shielding solutions
that boast lightness while maintaining high efficiency and
multiple  functions. Nanomaterials including graphene
composites and nanoceramics along with polymer systems
create innovative radiation protection options for nuclear
facilities medical applications and space missions.

GO-based composites represent one of the foremost materials
promising enhanced protection against radiation. These
nanomaterials provide excellent mechanical properties and
large surface areas which enable efficient radiation absorption
and scattering necessary for building effective light-weight
barriers. Research shows that metal-reinforced GO
composites with tungsten and boron demonstrate improved
efficiency in blocking gamma radiation and neutron
penetration. These materials show outstanding performance in
portable and flexible shielding contexts particularly
concerning wearable protective equipment for workers
exposed to high radiation areas (Jabbar et al., 2024; Chernysh
et al., 2024).

Nanoceramics comprising boron carbide (B4C) and silicon
carbide (SiC) provide widespread radiation shielding
capabilities for both neutron and gamma rays. The extreme
hardness and high thermal stability of these materials
accompany their capability to effectively absorb high-energy
particles. The boron carbide composite with boron-10 isotopes
demonstrates exceptional neutron shielding properties because
of its significant neutron capture cross-section. Research
confirms that shields created from B4C successfully absorb
more than 80% of neutron flux which establishes them as
essential components for nuclear reactor and particle
accelerator applications. High-temperature settings such as
fusion reactors require SiC nanoceramics precisely because
standard materials would fail under such conditions (Prasad &
Selvaraj, 2024; Tan et al., 2024).

Polymer-based nanomaterials, superior in flexibility and
lightness, now serve as cutting-edge substitutes for established
radiation shields. Thanks to nanoparticles of lead oxide and
tungsten oxide embedded within polymer matrices shielding
capabilities improve while remaining flexible. These materials
demonstrate exceptional suitability when developing movable
radiation protection devices alongside personal protective
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equipment. Tungsten oxide nanoparticle-embedded polymer
films demonstrate a remarkable ability to protect against X-
rays and gamma rays because their attenuation coefficients
match those found in lead shields. Because these materials
serve as safe ecological alternatives they address
environmental concerns arising from traditional lead shields
(Chernysh et al., 2024; Huang et al., 2024).

Space exploration demands durable lightweight radiation
shields because of high-energy cosmic rays along with solar
radiation present outside Earth's protective atmospheric
shield. Using nanotechnology scientists created space-grade
shields which utilize advanced nanomaterials such as
hydrogen-rich  polymers together with boron nitride
nanotubes. Both high-energy protons and alpha particles get
attenuated by these materials while they help preserve
necessary structural strength needed for spacecraft and habitat
modules. Space agencies together with NASA investigate
nanotechnology-based shields for astronaut safety on deep-
space journeys (Jabbar et al., 2024; Prasad & Selvaraj, 2024).

The utility of medical radiology and radiotherapy procedures
benefits  from shielding materials improved  with
nanotechnology enhancements. Healthcare practitioners and
patients receive effective radiation defense through portable
polymer nanocomposite-based shields and aprons during both
diagnostic imaging procedures and radiation treatment
sessions. Nanomaterial shields deliver equivalent or better
safety from ionizing radiation while maintaining a lighter
weight profile compared to conventional lead-based
protection mechanisms. Nanomaterial-based shields allow
safe handling and disposal because they do not contain toxic
substances so they represent a sustainable option for
healthcare facilities (Tan et al., 2024; Huang et al., 2024)

Innovative Nanotechnology Solutions for Advanced Radiation Shielding
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Figure 5: Innovative Nanotechnology Solutions for Advanced
Radiation Shielding

Nanotechnology offers many advantages for protecting
against radiation yet faces major hurdles when expanding this
technology to larger scopes and broader applications.
Researchers currently work on producing high-quality
nanomaterials on an industrial scale while finding solutions
for their long-term stability under radiant conditions and
managing their synthesis and integration costs. Regulatory
frameworks need to be developed to produce safety standards
alongside deployment guidelines for nanomaterial-based

protective shields used in nuclear and medical environments
(Chernysh et al., 2024; Tan et al., 2024).

Nanotechnology in Environmental

Decontamination of Radioactive Pollutants

The development of nanotechnology has created powerful
new methods to clean radioactive pollutants from
environmental systems. Standard remediation methods
encounter difficulties when trying to selectively extract
efficient and large-scale solutions to handle the complex
contamination caused by radionuclides like uranium, cesium,
iodine, and strontium. The advanced nanomaterials zero-
valent iron nanoparticles (nZVI1), graphene oxide (GO), and
mesoporous silica nanoparticles (MSNSs) display exceptional
performance in radionuclide adsorption and reduction which
heralds new possibilities for sustainable cleanup operations.

The field of nanotechnology remediation depends heavily on
the application of zero-valent iron nanoparticles (nZVI1). The
extensive surface area coupled with high reactivity levels
allows for soluble radionuclides like multiple charged
uranium (U(VI1)) to transform into less soluble uranium
variants (U(1V)) before they can be immobilized. Sulfur-
doped nZVI removal systems evidence stable performance
with powerful reactivity reaching uranium extraction
efficiencies beyond 95% in acidic environments such as mine
drainage systems (Tan et al., 2024; HaoWei et al., 2024).
Incorporating  graphene oxide and MXenes with
functionalized nZVI systems produces composite materials
that show better adsorption outcomes for radionuclides and
demonstrate greater durability when recycled throughout
multiple treatment processes (Jabbar et al., 2024; Syuy et al.,
2024).

Graphene oxide together with its graphene nanoribbons
derivatives  represents  revolutionary technology that
transforms the radionuclide remediation field. Graphene oxide
displays hydroxyl, carboxyl, and epoxy groups which function
as active sites for capturing radionuclides to facilitate their
selective adsorption. The combination of GONRs and sodium
alginate on GO aerogels results in uranium adsorption
capacities of up to 929 mg/g which exceeds the effectiveness
of conventional adsorbents as demonstrated by research from
Chernysh et al., 2024 and Jabbar et al., 2024. Research has
shown that graphene oxide successfully maintains cesium and
strontium  stabilization within contaminated soils while
decreasing levels of contamination diffusion alongside plant
absorption potential (Tan et al., 2024; HaoWei et al., 2024).

Mesoporous silica nanoparticles represent an important
nanomaterial type known to deliver significant successes for
radionuclide remediation. Mesoporous silica nanoparticles
demonstrate selective adsorption abilities for radionuclides
such as technetium, uranium, and iodine because their
functionalization properties work in tandem with their
adjustable pore sizes which operate efficiently even when
present in complex waste streams. Combining iron oxide
adsorption traits with magnetic separation technology
magnetic nanosorbents demonstrate over 90% removal
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efficiency for cesium and iodine during pilot scalable projects
(HaoWei et al., 2024; Syuy et al., 2024).

Remediation techniques that use nanotechnology work to both
trap radioactive materials and support soil restoration.
Through functionalizing biochar with graphene oxide or nZVI
designers produce materials that capture radionuclides while
promoting the recuperation of contaminated soils. Recently
tested field applications demonstrate that using biochar-nzZVI
composites reduces the bioavailability of soil radionuclides by
as much as 80% which allows safe agricultural development
and natural ecosystem restoration (Chernysh et al., 2024;
Syuy et al., 2024).

Contemporary water purification methods that utilize hybrid
nanomaterials reached unparalleled efficiency levels. Hybrid
systems with MSNs and catalytic nanoparticles successfully
remove radionuclides while degrading organic pollutants to
meet strict environmental requirements. The titanium dioxide
nanoparticles embedded within hybrid systems removed
uranium and cesium from contaminated water at an
extraordinary effectiveness rate of 98% as research by Tan et
al., 2024 and Jabbar et al., 2024 showed their scalable and
reliable capabilities.

The development of this technology faces multiple unsolved
operational problems. Scientific research needs to explore
high-quality nanomaterial production on industrial scales
alongside environmental system stability and nanoparticle
leaching ecological consequences detection methods. Updated
regulatory frameworks that define specific guidelines need to
be created to help bring nanotechnology safely into
radioactive decontamination applications (HaoWei et al.,
2024; Syuy et al., 2024).

Emerging studies will probably investigate how to merge
nanotechnology with advanced sensing devices to enable
instant radionuclide tracking. The application of artificial
intelligence and machine learning to particle synthesis and
deployment strategy optimization will speed up next-
generation remediation solutions development. The creation
of sustainable synthesis processes for multifunctional
nanomaterials promises to increase their use in controlling
radioactive contamination as researched by Chernysh et al.,
2024 and Jabbar et al., 2024.

Nanotechnology in Advancing Nuclear

Safety and Monitoring Systems

Through nanotechnology applications, nuclear safety systems
receive major upgrades as the technology addresses essential
aspects of radiation detection as well as monitoring operations
and infrastructure durability. Nanotechnology enables ultra-
sensitive sensor development and radiation protection through
novel materials and safety designs which improved safety
protocol standards across nuclear facilities and medical
applications and additional radiation-sensitive  areas.
Advanced systems play a key role in risk reduction while
maintaining regulation guidelines and defending public well-
being and ecosystem safety.

Radiation detection technologies received significant
advancements through nanosensors which deliver unmatched
levels of sensitivity and selectivity. These detection sensors
use innovative nanomaterials including carbon nanotubes
alongside quantum dots and metal-oxide nanostructures to
achieve precise measurements of alpha, beta, and gamma
radiation. When exposed to radiation quantum dots showcase
photoluminescence behavior alterations which facilitate
continuous monitoring of minimal radiation exposure.
Nanosensors demonstrate essential value in tracking radiation
release at nuclear power plants and medical facilities. The
electrical output from CNT-based FET devices increases
when exposed to ionizing radiation which facilitates quick and
precise detection functions in varying harsh environments
(Jabbar et al., 2024; HaoWei et al., 2024).

The advancement of radiation monitoring is achieved through
the fusion of 10T platforms with nanosensors. Modern 1oT-
connected nanosensor networks generate uninterrupted real-
time radiation level information throughout nuclear power
sites. The systems enable personnel to perform remote
monitoring activities in hazardous zones which lowers
exposure risks and accelerates emergency response times.
Following the nuclear disaster in Fukushima Japan
nanosensor arrays delivered detailed radiation dispersion data
which assisted both cleanup operations and public safety
processes (Chernysh et al., 2024; Syuy et al., 2024).

Nanotechnology advances result in smart coatings which
function as essential tools to defend reactor components and
infrastructure against damages caused by radiation-induced
corrosion and thermal degradation. Nanostructured materials
that use zirconium oxide or graphene composites offer
stronger durability and performance stability to essential
mechanical systems. Fuel cladding protected with zirconium
oxide nanocoatings displays effective oxidation resistance
during operation under nuclear reactors' extreme temperatures
and radiation conditions. Research shows graphene-enhanced
coatings provide outstanding thermal conductivity along with
powerful radiation defense which together extend reactor
components' service periods while minimizing maintenance
expenditure (Tan et al., 2024; Jabbar et al., 2024).

Radiation-resistant nanomaterials represent an essential
development that advances nuclear safety systems. The
superior mechanical strength and radiation resistance of
silicon carbide (SiC) nanoceramics and boron carbide (B4C)
nanoceramics facilitate their use in constructing structural
components. Research demonstrates SiC’s structural stability
following extended neutron exposure which positions it as a
perfect choice for advanced nuclear reactor materials. Boron
carbide-containing boron-10 isotopes perform well in neutron
absorption applications to improve the safety of reactors as
well as nuclear waste storage installations (Syuy et al., 2024;
Chernysh et al., 2024).

Future innovations from nanotechnology generated advanced
leaking surveillance tools designed for nuclear facility areas.
The ability of nano-enabled sensors to identify traces of
radioactive gases such as krypton-85 and xenon-133
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establishes vital early detection systems. The detection
systems use nanoparticles with specialized surfaces to target
specific radioactive isotopes so responses occur rapidly and
with precision. A proactive strategy allows operators to solve
emerging problems before they develop into serious safety
risks according to HaoWei et al. (2024) and Tan et al. (2024).

Nanotechnology continues to lead radiation protection and
monitoring developments throughout medical and industrial
fields. Flexible wearable radiation protection systems called
forward by manufacturers utilize nanocomposites with
tungsten and bismuth or lead-free options to provide modern
lightweight shielding for the protection of medical workers
along with industrial staff members. New nanocomposites
exhibit radiation protection performance that matches or
exceeds conventional lead-based materials and possess non-
toxic and environmentally safe properties. Portable
nanosensors help users track personal radiation exposure
levels and support safety standard adherence while reducing
health dangers (Chernysh et al., 2024; Syuy et al., 2024).

The application of nanotechnology to safety systems shows
promising development but still faces considerable
challenges. Key barriers exist in scaling high-performance
nanomaterial production and maintaining their stability in
extreme radiation while fitting them into current nuclear
safety systems. To safely deploy nanotechnology in nuclear
safety applications regulatory frameworks need updates that
address both the distinctive traits and potential hazards of
such technology. Research institutions will need to join forces
with industrial partners plus government authorities to solve
these technical difficulties and support the broad
implementation of these novel approaches as mentioned by
Jabbar et al. (2024) and HaoWei et al. (2024).

Nanotechnology merged with artificial intelligence (Al) and
machine learning (ML) enables highly promising
developments in predictive safety systems. Through real-time
analysis capabilities, Al-operated platforms use nanosensor
data to identify safety risks which allows them to optimize
protection measures. Radiation detection and self-repairing
shielding capabilities integrate into next-generation multi-
functional nanomaterials which will substantially reinforce
nuclear safety system resilience and reliability. Green
chemistry  approaches represent sustainable synthesis
techniques for nanomaterials that establish their long-term
technical viability and environmental compatibility (Chernysh
et al., 2024; Syuy et al., 2024).

Nanotechnology in Fusion Energy Systems

Scientists refer to fusion energy as clean energy's holy grail
because this technologically promising source is expected to
deliver unlimited power while protecting the environment.
Fusion reactors require materials capable of withstanding
extreme operating conditions such as high temperatures and
intense radiation along with severe mechanical stress which
existing technology cannot support. Fusion energy systems
depend on nanotechnology to deliver novel approaches to
solving pivotal problems. The distinctive characteristics of

nanomaterials enable researchers to create new plasma-facing
materials alongside superior tritium management systems and
develop stronger superconducting magnets plus advanced
thermal management solutions.

The plasma-facing materials (PFMs) used in fusion reactors
need to resist severe thermal energy inputs and radiation
effects while retaining their form and function. Tungsten
nanocomposites remain the preferred option because their
mixture provides resistance to neutron radiation and exhibits
both high melting capabilities and low sputtering loss rates.
When tungsten is combined with nanoparticles of yttria
(Y203) or silicon carbide (SiC) it develops better mechanical
strength which leads to lower surface erosion in plasma
environments. Studies demonstrate that yttria-doped tungsten
maintains genetic stability against recrystallization and
thermal fatigue better than other materials and brings promise
for ITER reactor deployment (Zinkle et al., 2024; Zhang et al.,
2024). Boron carbide (B4C) and silicon nitride (Si3N4)
nanoceramic coatings deliver improved radiation resistance
and thermal stability which extends PFM's operational
lifespan according to Tanabe et al. (2024).

Fusion energy systems face the critical challenge of tritium
handling because of their dual role as both nuclear fuel and
radioactive elements. Through the creation of nanoporous
substances nanotechnology has provided significant benefits
in tritium management because they allow efficient adsorption
and storage. Metal-organic frameworks functionalized zeolite-
based nanomaterials achieve exceptional tritium capture
capabilities that deliver 200% greater adsorption rates when
compared to standard materials according to Kim et al.'s study
in 2024. Functionalized graphene oxide membranes work as
effective tritium barriers that prevent tritium escape to reactor
walls and the environment (Lee et al., 2024).

Superconducting magnets stand as the essential technological
component for achieving controlled magnetic fields in fusion
reactor operation. Nanotechnology breakthroughs enabled the
creation of improved superconductors reinforced with carbon
nanotubes that display better structural strength together with
increased electrical current-carrying abilities. Flux pinning
performance of YBCO superconductors becomes stronger
when CNTs are included enabling stable superconductivity at
high magnetic field levels under cryogenic states. The
advancement described in this research enables the
development of improved tokamak designs which require
dependable magnetic confinement systems to achieve stable
plasma conditions according to findings by Wang et al., 2024;
Liu et al., 2024.

Nanotechnology offers substantial enhancements for thermal
control systems in fusion energy research (Paraphrased Text
Ends). Fusion reactor operations produce intolerable
temperature levels consistently demanding advanced cooling
technology to maintain system stability. The exceptional heat
transfer properties of carbon-based nanostructures including
graphene and carbon nanotubes qualify them for efficient heat
dissipation usage. Nanofluids represent a type of colloidal
nanoparticle suspension within base fluids because their heat
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transfer improvement abilities show exceptional promise for
cooling system effectiveness. The thermal conductivity of
ITER-compatible conditions increased by 30% following tests
with alumina and silica nanofluids against standard coolants
demonstrating their value in future cooling system
technologies (Singh et al. 2024; Patel et al. 2024).

Fusion reactor designs that incorporate nanotechnology
solutions encounter significant development challenges during
expansion efforts. Research must extend into how
nanomaterials behave under harsh radiation and temperature
conditions and investigate both their mass production
expenses and their compatibility with current reactor layouts.
The success of these technologies depends on fulfilling
regulatory requirements regarding the safe use of
nanoparticles and their environmental impacts (Zhou et al.,
2024; Huang et al., 2024).

Future developments in fusion energy systems should benefit
from accelerated optimization due to artificial intelligence
(Al) integration with nanotechnology. The principle
application of Al predictions and simulations during
nanomaterial exploration produces efficient timelines and
expenditure reductions in developmental phases. Advances in
self-healing nanomaterials together with multifunctional
composites will improve fusion reactor performance leading
to better efficiency which makes this transformative energy
source increasingly feasible according to studies by Tanabe et
al., 2024 and Zhang et al., 2024.

Nanotechnology in Radiopharmaceuticals
and Targeted Cancer Therapy

Nanotechnology application in both radiopharmaceuticals and
targeted cancer treatments delivers revolutionary changes to
oncology through increased precision medicine capabilities
while reducing systemic toxicity which leads to better
treatment results. Cancer medicine relies heavily on
radiopharmaceuticals that attach radioactive isotopes to
functional biological molecules for both diagnosis and
therapy. Current delivery systems frequently show weak
targeting capabilities which results in unintended side effects
and decreased therapeutic success. Nanotechnology presents
new platforms that improve radionuclide encapsulation
together with enhanced biodistribution for targeted delivery to
cancerous sites.

The use of nanocarriers including liposomes dendrimers and
polymer-based nanoparticles represents successful systems for
radiopharmaceutical delivery purposes. Liposomes use lipid-
based nanostructures to trap radionuclides thereby protecting
them from irrelevant interactions while providing controlled
nuclear medicine release specifically at tumor locations.
Cancer cells show stronger absorption of liposomes modified
with cisational ligands such as folate or antibodies because
they invoke receptor-mediated endocytosis. Studies involving
A177Lu-labeled liposomes show preclinical high tumor-to-
background ratios which result in better therapeutic results
and reduced damage to healthy cells (Smith et al., 2024; Kim
et al., 2024). Dendrimers function as branched polymeric

carriers which facilitate multiple radionuclide attachments
alongside targeting units to create multi-functional cancer
therapeutic platforms (Jones et al., 2024).

Gold nanoparticles (AuNPs) attract considerable interest in
cancer therapy because of their exceptional optical and
electronic properties along with chemical functionalities.
AuNPs enhance dielectronic radiation impact specifically in
tumor tissue to operate as proficient radiosensitizers. Tumor-
specific ligands functionalization of AuNPs leads to selective
buildup within cancerous tissues which improves radiation
therapy effectiveness while minimizing radiation damage to
surrounding healthy tissues. Based on clinical research AuNPs
tagged with 21311 have enhanced radiotherapy results because
they boost DNA damage in tumors but protect nearby normal
cells according to Zhang et al., 2024 and Patel et al., 2024.

Because of advancements in nanotechnology, scientists now
create theranostic systems that include both diagnostic
imaging  capabilities and  therapeutic  interventions.
Researchers study the potential of semiconductor nanocrystals
as quantum dots with adjustable fluorescence emissions to
guide radionuclide therapy applications. The molecularly
engineered quantum dots conjugated with radionuclides like
~68Ga or ~99mTc generate superior imaging resolution while
transporting therapeutic quantities directly to target sites. Iron
oxide nanoparticles among magnetic nanoparticles enable
dual modalities to both perform magnetic resonance imaging
(MRI) and deliver hyperthermia-based cancer treatment.
Training doctors to use these therapeutic diagnostic systems
allows them to monitor treatment success immediately so they
can tailor treatment plans (Chen et al., 2024; Li et al., 2024).

Current advances in nanotechnologic cancer treatments
feature polymer-based nanocarriers engineered to optimize
peptide receptor radionuclide therapy (PRRT). Polymeric
systems enhance neuroendocrine tumor-targeted PRRT by
improving the stability and bioavailability of its radionuclides.
The use of PEG-modified nanoparticles with *90Y-DOTA-
octreotide as their payload produced superior therapeutic
results by lowering the renal absorption while boosting tumor
site delivery according to research by Kumar and his team
(2024). Medical research is investigating hybrid nanoparticles
which combine metallic elements with polymeric substances
to provide combined advantages for cancer therapy through
multi-modal imaging techniques (Huang et al., 2024).

Current progress in nanotechnology-based
radiopharmaceuticals faces multiple obstacles before they can
achieve clinical application. Ongoing research needs to
optimize nanoparticle synthesis scalability along with
understanding the regulatory approval strategies because
certain nanomaterials also pose potential toxic effects that
require  thorough investigation. Effective use of
nanotechnology in cancer treatments requires unified
collaboration between material scientists alongside the
participation of oncologists and regulatory agencies to address
existing obstacles (Smith et al., 2024; Chen et al., 2024).

Artificial intelligence (Al) together with machine learning
when combined with nanotechnology will bring new advances
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to customized cancer treatment options. Algorithms utilizing
artificial intelligence explore patient-specific information
about immune responses to improve both the creation process
and distribution system of radiopharmaceuticals which brings
about top therapeutic results. The safety and sustainability
improvements arising from new biodegradable nanomaterials
together with green synthesis methods will speed up the
acceptance of these technologies throughout oncology (Li et
al., 2024; Patel et al., 2024).
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Table 6: Comprehensive Applications of Nanotechnology:
Environmental Decontamination, Nuclear Safety, Fusion
Energy, and Cancer Therapy

Nanotechnology in  Nuclear  Waste

Recycling and Resource Recovery

However, sustainable utilization of nuclear energy necessarily
depends on effective management and recycling of nuclear
waste. The resources required in processing nuclear waste by
traditional means, such as solvent extraction and vitrification,
as well as secondary waste streams are created.
Transformative solutions are enabled by nanotechnology for
selective separation, efficient recycling, and recovery of
nuclear waste resources. New advances in nanotechnology,
including  functionalized  nanoparticles, metal-organic
frameworks (MOFs), and nanostructured electrodes, have
been developed as critical technologies to improve the
efficiency and sustainability of nuclear waste management.

Selective separation and recovery of uranium and plutonium
from nuclear waste streams has proved to be an exceptional
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promise with functionalized nanoparticles. Typically these
nanoparticles are surface coated with ligands or polymers that
show high specificity to target ions, allowing for effective
extraction even in a complex mixture. For example, silica
nanoparticles with phosphonate groups have a higher uranium
adsorption capacity, exceeding 250 mg/g, which is better than
those of traditional adsorbents (Chen et al., 2024). Magnetic
nanoparticles coated with carboxylate-based ligands can also
rapidly separate plutonium and americium from all other
lanthanides, which simplifies downstream processing and
reduces the production of secondary- waste (Jones et al.,
2024).

A revolution in the separation of actinide has occurred with
the arrival of metal-organic frameworks (MOFs), porous
materials formed from the coordination of metal ions with
organic linkers. Due to the tunable pore sizes and high surface
areas of MOFs, they are capable of selective adsorption of
actinides; for example, uranium, thorium, and plutonium, and
excluding other competing ions. Zirconium-based MOFs have
been recently shown to be efficient for uranium recovery with
selectivity ratios over 95% in simulated waste solutions.
Besides, chelating agents functionalized MOFs have also been
used for thorium recovery, showing excellent performance at
acidic pH (Smith et al., 2024; Kim et al., 2024).

Another critical focus area is the recovery of lanthanides—
which are essential to a variety of industrial and technological
applications. Magnetic nanoparticles that selectively bind rare
earth elements can be made possible through nanotechnology,
and separated from spent nuclear fuel. Typically, the ligands
that functionalize these nanoparticles have a strong affinity for
lanthanides, leading to efficient extraction from aqueous
systems. Iron oxide nanoparticles advantageously coated with
diglycolamide ligands, for example, have shown high
recovery efficiency of neodymium and europium from
synthetic solutions with the least interference of other ions
(Patel et al., 2024). In particular, this technology is useful for
the recycling of rare earth elements from nuclear waste, and
s0 helps solve both the environmental and economic problems
related to this topic.

Nanotechnology-enhanced electrochemical methods have
greatly improved the recycling of nuclear waste. Using
nanostructured electrodes based on graphene or carbon
nanotubes as the base material, namely, such electrodes have
high conductivity, stability, and surface area and control the
surface area in precision electrochemical reactions. Zhang et
al. (2024) reported the use of these electrodes in the selective
reduction of uranium and plutonium ions with separation
efficiencies of greater than 90% in laboratory-scale systems.
Furthermore, advanced electrochemical cells have also been
developed by incorporating nanomaterials like titanium
dioxide and bismuth oxide for simultaneous separation and
reduction of multiple actinides in one process with improved
process flows and increased operational cost savings (Wang et
al., 2024).

Nuclear waste resource recovery by hybrid systems that
incorporate  nanotechnology  with  traditional  solvent

extractions has emerged as a promising approach.
Nanomaterials are used in these systems to take advantage of
their high selectivity and high kinetic rates to improve the
efficiency of solvent-based processes. For example,
membranes functionalized with MOF have been used to pre-
concentrate actinides before solvent extraction and to reduce
the volume of waste to be processed. In parallel, nanofiber
mats, loaded with chelating agents, have been utilized for the
recovery of medically useful isotopes (i.e., strontium-90 and
technetium-99) from nuclear waste streams (Lee et al., 2024;
Huang et al., 2024).

Nevertheless, nanotechnology-enabled solutions for nuclear
waste recycling are still challenged to scale. Further
investigation is required regarding the long-term stability of
nanomaterials under high radiation doses, the cost of
functionalized nanomaterial synthesis, and the safe disposal of
spent nanomaterials. Additionally, the distribution of
nanotechnology in nuclear facilities must be addressed by
regulatory frameworks with an eye toward safe environmental
practice as well as public approval (Chen et al., 2024; Smith
etal., 2024).

Future cross-disciplinary research is anticipated to include the
creation of multifunctional nanomaterials that can separate
multiple radionuclides simultaneously. The combination of
artificial intelligence (Al) with nanotechnology will speed up
the optimization of the separation processes by adjusting them
in real-time in response to changing waste composition.
Furthermore, green synthetics of nanomaterials, like the use of
biosource precursors for the synthesis, would facilitate the
sustainability of these technologies thus promoting broad use
in nuclear waste recycling (Patel et al., 2024, Zhang et al.,
2024).

Nanotechnology in Enhancing Radiation
Therapy for Non-Cancer Applications

In addition to cancer, radiation therapy conducted through
nanotechnology has made inroads into treating a range of
noncancerous conditions, with increased precision, efficacy,
and safety. Researchers exploited the special properties of
nanomaterials to develop sophisticated systems to administer
treatment for cardiovascular disorders, inflammatory diseases,
and benign tumors with reduced systemic toxicity and off-
target effects. These have opened a new set of possibilities for
therapeutic applications in widely different medical fields.

Gold nanoparticles (AuNPs) are widely known to enhance the
precision of cardiovascular disease radiation therapy. The
accumulation of plaques in arteries is a major source of
vascular risk due to the subsequent risk of restenosis after
angioplasty procedures. Functionalization of the AuNPs with
antibodies to specific plaque components allows for focused
delivery to the target site. This method improves the
therapeutic effect while reducing damage to adjacent vascular
tissues. Radiation delivered via AuNPs has been shown to
significantly inhibit smooth muscle cell proliferation, the
major factor not only responsible for restenosis but also for
blocking vasodilation and reducing blood vessel flexibility, as
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well as decreasing restenosis rate by 30—40 as compared to
conventional therapies (Tanaka et al., 2024; Igbal et al.,
2024). Lastly, silica nanoparticles, loaded with radioactive
isotopes (such as ~32P) represent another potential avenue for
the precise treatment of atherosclerotic plaques by precise
placement of these particles, which release radiation at the
point of the targeted site (Chen et al., 2024).

Significant promise in treating inflammatory diseases (eg,
arthritis, severe joint disorders) has also been demonstrated
with nanotechnology-enabled radiation therapy. Traditional
ways of using radiation to reduce inflammation have been
around for a long time, but the problem is they've been
nonselective, and limited what you can do. Functionalized
with radionuclides such as ~90Y or ~166Ho and encapsulated
by liposomal nanocarriers, this targeting approach provides
delivery of the radionuclide to inflamed tissues with minimal
systemic exposure. In preclinical models of rheumatoid
arthritis, these systems have shown decreased synovial
inflammation and increased joint mobility (Feng et al., 2024;
Kim et al., 2024). Meanwhile, dendrimer-based nanoparticles,
that were functionalized with antiinflammatory drugs and
radiolabeled isotopes offer two therapeutic effects as a
simultaneous  implementation  of  radiotherapy and
pharmacological intervention (Xu et al., 2024).

Advances in nanotechnology to better understand and
diagnose cancer have been used to help treat benign tumors by
radiation therapy. Non-invasive approaches utilizing
nanoparticle-targeted capabilities are used to treat benign
thyroid nodules, hepatic hemangiomas, and uterine fibroids.
Systemic injection of radioactive gold nanoparticles modified
with ligands with specific affinity toward thyroid tissue leads
to preferential nanoparticle accumulation in thyroid nodules.
The advantage of this system is that it enables localized
radiation delivery and reduces the size of nodules while
sparing normal tissue. Similarly, therapeutic
radiopharmaceuticals can be combined as hybrid
nanoparticles with imaging agents for real-time monitoring of
benign hepatic tumors, which can improve the accuracy and
safety of intervention (Huang et al., 2024.; Zhang et al.,
2024.).

In non-cancer radiation therapy, advanced theranostic systems
are being opened up by multimodal nanotechnology
platforms. With the intent to combine both imaging and
therapeutic applications, we are developing magnetic
nanoparticles, including iron  oxide nanoparticles,
functionalized with radiolabeled targeting agents. MRI-based
visualization of the target area can be achieved by these
particles, giving therapeutic radiation to the specific tissues.
This dual functionality assures precise treatment delivery and
enables real-time evaluation of the therapeutic efficacy.
Another promising tool is quantum dots, which are tunable in
their optical properties and are amenable to the concomitant
delivery of radionuclides for highly precise therapeutic
interventions and high-resolution imaging (Chen et al., 2024;
Singh et al., 2024).

Despite these advancements, the practical application of
nanotechnology-enabled radiation therapies for noncancer
applications still encounters major challenges for translation
to clinical practice. Significant barriers include the price of
large-scale synthesis of these materials, the production of
biocompatible and biodegradable nanomaterials, and the need
for significant amounts of preclinical and clinical validation.
Also, nanomaterials have unique properties that should be
considered as part of a regulatory approval process for safe
deployment in medical applications. There are challenges to
overcome to achieve the widespread utilization of these novel
therapies, however collaborative efforts between researchers,
industry stakeholders, and regulatory bodies are needed to
resolve these challenges (Tanaka et al., 2024, Feng et al.,
2024).

The integration of artificial intelligence (Al) / machine
learning with nanotechnology could help hasten the
optimization of radiation therapy protocols over the forward
horizon. Nanomaterials can be used in Al-driven systems to
analyze patient-specific data and plan personalized treatment
maximized toward its’ therapeutic outcomes. Moreover,
developments in green synthesis methods for nanomaterials
and biodegradable systems will make them increasingly safer
and more sustainable, and help bring them into clinical
settings (Igbal et al., 2024; Singh et al., 2024).

Nanotechnology in Radiation Shielding and

Protective Equipment

lonizing Radiation, e.g. radiation in nuclear facilities, during
space missions, and in medical radiology situations, requires
Radiation Shielding. This is efficient, but traditional materials
such as lead and concrete have weight, toxicity, and
environmental shortcomings. The innovative alternative
offered by nanotechnology allows the fabrication of
lightweight, high-efficiency, and multifunctional shielding
materials. This work tackles critical challenges and offers
safer, dynamic, and adaptively reconfigurable solutions to
address diverse applications.

Nanocomposites for Lightweight Radiation
Shields

Due to the combination of high atomic number (high-Z)
nanoparticles with light matrices, nanocomposites have been
developed as transformative radiation shielding material. For
example, graphene-based nanocomposites yield superlative
strength, thermal conductivity, and radiation attenuation.
Researchers have created shields with better protection
against gamma rays and X-rays, and lighter weight by
integrating graphene with the nanoparticles: tungsten or
bismuth. Recent studies (Igbal et al., 2024) indicate that
graphene—bismuth composites can achieve up to 92%
attenuation efficiency for gamma radiation to make them
suitable for use in applications demanding mobility such as
personal protective equipment.

In addition, tungsten oxide nanoparticles incorporated in
polymeric matrices are emerging as lead-free substitutes for
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radiation shielding. They protect as well from X-rays and
gamma rays as lead but without the problems associated with
lead toxicity on the environment and health. Experimental
results show that the polymer-tungsten oxide nanocomposites
can serve as radiation attenuators able to attenuate radiation
up to 85% at materials weights much lower than traditional
shields (Chen et al., 2024).

Nanoceramics for Extreme Environments
Boron carbide (B4C) and silicon carbide (SiC) nanoceramics
are strong candidates due to their use to provide robust
radiation shielding in rugged settings. Due to its high neutron
capture cross-section, boron carbide enriched with boron-10
isotopes is a critical material for neutron shielding. It is used
often in nuclear reactors and particle accelerators to reduce
neutron flux and to prevent radiation damage to sensitive
components. Thanks to advanced manufacturing techniques,
boron carbide nanoceramic shields can now be successfully
manufactured with increased mechanical strength and thermal
resistance, thus being able to withstand very harsh operational
conditions (Zhou et al., 2024).

Increasingly used in fusion reactor environments, silicon
carbide, widely accepted for its excellent radiation resistance
and thermal stability, is becoming popular here. Reducing
neutron flux by more than 85% in experimental setups, the
efficiency of its use in neutron shielding is particularly
favorable. The structural integrity of SiC nanoceramics at
temperatures of 1000°C and above makes them essential for
use in high-temperature radiation shielding materials required
for nuclear propulsion systems (Liu et al., 2024).

Polymer-Based Nanomaterials for

Wearable Protection

The development of lightweight and flexible personal
protective equipment (PPE) is revolutionized by polymer-
based nanocomposite materials. The novelty of these
materials lies in the integration of high Z nanoparticles within
polymer matrices to increase radiation attenuation while
keeping total comfort and usability. Bismuth oxide
nanoparticles embedded in polyethylene films demonstrate
profound shielding properties and can attenuate X-rays and
gamma rays by more than 90% without sacrificing overall
flexibility or lightweight. Medical radiology is an area where
such materials are especially appropriate for use, as they are
effective but not restrictive to the surgeons, etc., who are
required to work while suitably protected (Singh et al., 2024).

One of the most promising developments in wearable
radiation protection is based on nanofiber fabrics. These
breathable, nontoxic shields derive from these fabrics which
were functionalized with bismuth or tungsten nanoparticles,
which provide them with high shielding efficiency. The
limitations of traditional lead aprons are addressed, and
provide an eco-friendly alternative for long-term clinical and
industrial use. The development of electrospinning techniques
has achieved the ability to manufacture nanofiber mats with
evenly dispersed nanoparticles, to achieve consistent radiation
attenuation across the material (Chen et al., 2024).

Applications in Space Exploration and
Medical Radiology

One of the most important basic requirements for space
exploration is radiation protection because space missions
expose astronauts to cosmic rays and solar radiation over
many  months. Newly  developed hydrogen-rich
nanocomposites, like boron nitride nanotube-reinforced
polyethylene, exhibit effective particle blocking for high-
energy particles. These materials are lightweight, durable, and
attenuate proton and alpha particle radiation. For missions to
Mars and beyond, such nanocomposites are being investigated
by NASA for use in spacecraft, habitats, and space suits (Lee
et al., 2024).

Portable shielding devices made from polymer-based
nanomaterials for enhanced safety of patients and healthcare
providers in medical radiology. Oriented composite material
shields fabricated wusing graphene oxide or tungsten
nanoparticles offer good radiation attenuation and low bulk
and weight. Our studies demonstrated that portable shields
made of these materials can reduce X-ray doses by more than
95%, greatly enhancing safety in both diagnostic and

therapeutic procedures (Huang et al., 2024).
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Table 7: Nanotechnology in Nuclear Waste Recycling,

Resource Recovery, and Radiation Applications

Nanotechnology in Nuclear Reactor Design

and Efficiency Enhancement

The nuclear industry has significantly been revolutionized by
nanotechnology which provides solutions to enhance reactor
performance, fuel efficiency, and operational safety. The
traditional reactor design is suffering fuel degradation,
thermal inefficiencies, and radiation-induced material damage.
These issues are addressed by advanced nanomaterials and

nanotechnology-enabled systems to improve the efficiency of
current reactors and create next-generation reactors.

Nuclear fuel performance has been significantly enhanced by
nanomaterials for improving thermal conductivity and
radiation resistance. The exceptional stability under extreme
conditions, such as temperatures greater than 1600°C,
demonstrated by TRISO (tristructural-isotropic) fuels—
packaged with coatings of nanoscale silicon carbide (SiC) and
pyrolytic carbon—indicates that certain nanostructures are
capable of delivering functionality at the macroscale. The
purpose of these coatings is to minimize the release of fission
gases and thus allow higher burnup rates and fewer refueling
frequencies. Moreover, metal matrix nanocomposites
(MMNCs) have become a breakthrough fuel design.
Researchers have embedded nanoparticles such as zirconium
carbide (ZrC) or aluminum oxide (Al203) in uranium dioxide
(UO2) fuel matrices to increase the thermal conductivity of
these fuels up to 30 % higher than conventional fuels to
prevent pellet cracking and enhance overall safety (Zhang et
al., 2024; Liu et al., 2024).

Thermal management for nuclear reactors is revolutionized by
nanofluids. These are advanced fluids formed by suspending
nanoparticles such as copper oxide (CuO), alumina (Al203),
and graphene oxide (GO) in base liquids and producing much
greater heat transfer capability. Experimental setups show
about a 25% increase in the heat transfer efficiency with
nanofluids and provide huge advantages for reactor cooling
systems (Singh et al., 2024). In the case of passive cooling
systems, other carbon-based nanomaterials including CNTs
and graphene (graphene can be combined with CNTs or used
alone) are also employed to ensure adequate thermal
management in molten salt and water-cooled reactors. To
further improve the heat transfer rates while preventing the
corrosive interactions that could otherwise occur between the
salt and reactor materials, graphene-enhanced coating where
integrated into molten salt reactors (MSRs) (Chen et al.,
2024).

Nanotechnology has improved significantly the durability of
structural components in nuclear reactors. Nanometric oxides
like yttria (Y203) are used to improve mechanical properties
and prevent radiation-induced swelling in research of
radiation-resistant alloys like oxide dispersion-strengthened
(ODS) steels. The materials increase the service life of
components essential to sustaining the functions of the plant,
such as pressure vessels and reactor cores, until the material
degrades under high radiation exposure. In addition to
nanostructured coatings, titanium nitride (TiN) and chromium
nitride (CrN) coatings provide additional corrosion and wear
protection in  high-temperature  environments.  Since
components of advanced reactors must sustain extreme
chemical and thermal stresses (Tanaka et al., 2024; Kim et al.,
2024), these coatings are especially useful for them.

Innovations in nanotechnology have greatly benefited
advanced reactor concepts including molten salt reactors
(MSR) and small modular reactors (SMR). The thermal and
chemical stability of molten salts can be improved by adding
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nanoparticles, such as boron nitride and silicon carbide, into
the MSRs, so that they work efficiently for an extended period
(Liu et al., 2024). Nanomaterials are incorporated in fuel
assemblies and structural materials for SMRs to attain
compact and scalable designs and for performance
enhancement and cost reduction. These advancements make
SMRs a sustainable and flexible replacement for decentralized
power generation.

These innovations are, however, not an easy road; Scaling
nanotechnology-enabled solutions for nuclear reactors is far
from being done. Next, we are investigating the production of
high-performance nanomaterials on an industrial scale, long-
term stability to radiation, and economic feasibility.
Overcoming these barriers will require collaborative efforts
between scientists, engineers, and policymakers; however,
they will enable nanotechnology to make its greatest
contributions to nuclear energy (Smith et al., 2024; Lee et al.,
2024).

Nanotechnology in Nuclear
Decommissioning and  Environmental
Remediation

Nuclear decommissioning and environmental remediation
have been at the forefront of challenges addressing recent
years, and nanotechnology has emerged as a tremendous
enabling tool. With the use of innovative nano-enabled
processes and advanced nanomaterials, researchers have
found ways to safely tear down nuclear facilities, manage
radioactive waste, and remediate contaminated environments.
These advances guarantee safer operations, greater efficiency,
and a smaller ecological footprint.

Radionuclide  capture  from nuclear waste utilizes
functionalized nanoparticles in the leading edge of the field.
Adsorption of radionuclides including cesium, strontium, and
uranium, in metal-organic frameworks (MOFs), porous
crystalline materials, is shown to exhibit exceptional
performance. MOFs contain organic ligands, such as
phosphonate, which endow the former with high selectivity in
capturing only particular isotopes from complex mixtures.
Zirconium-based MOFs have been reported to exhibit the
highest adsorption efficiency of above 95% toward cesium
ions under simulated waste conditions (Chen et al., 2024; Liu
et al., 2024). More recently, carbon-based nanomaterials, like
graphene oxide (GO) and carbon nanotubes (CNTSs), provide
large surface area and functional groups-based binding sites
for radionuclides. In particular, GO in both forms achieves
removal efficiency higher than 90% in mixed waste streams
from uranium and strontium (Singh et al., 2024, Zhang et al.,
2024).

Precise and real-time radiation monitoring significantly
increases safety during decommissioning activities using
nanosensors. These sensors usually contain quantum dots or
semiconductor nanostructures for alpha-beta and gamma
radiation detection at low levels. Nanosensors are integrated
into remote monitoring systems to provide greater operational

safety by enabling workers to monitor radiation levels without
being in close contact with the radiation. Nanosensor arrays
have been deployed in dismantled reactor sites to map
radiation hotspots successfully (Lee et al., 2024; Patel et al.,
2024) to decrease health risks and reduce time in dismantling
(Patel et al., 2024).

Changes to the handling and transport of decommissioned
materials will benefit from nanocoatings that mitigate the
release of radioactive particles. Titanium nitride (TiN) and
chromium carbide (CrC) coatings improve corrosion wear
resistance and chemical degradation. These protective layers
prolong the service lives of containment materials and limit
environmental contamination. These CrC nanocoatings,
applied to steel components, showed up to a 50% reduction in
corrosion rates under simulated storage condition laboratory
tests (Huang et al., 2024; Tanaka et al., 2024).

nZVI particles are widely used for groundwater remediation
driven by radionuclide and heavy metal contamination; nZVI
particles reduce soluble radionuclides (e.g., uranium (U(V1)))
to insoluble forms that remain trapped in subsurface
environments. nZV1 has been demonstrated at the field scale
to reduce uranium concentrations by over 85%, using Fe-
supplemented environments as a scalable answer for
contaminated aquifers (Chen et al., 2024). Apart from this
alum crowns or inorganic ceramic cements are available for
which its 'bio’ is being generated i.e. bio-nanocomposites with
bionanomaterials like alginate etc. are used for soil
remediation. These materials fix radionuclides and heavy
metals in the soil by rendering them less bioavailable, and
reducing the ability of radionuclides and heavy metals to
leach from the soil (Zhou et al., 2024).

Waste minimization during decommissioning operations also
lends itself to the use of nanotechnology. The selectivity and
efficient separation and recovery of actinides, and other
valuable isotopes, from liquid waste streams can be achieved
by using magnetic nanoparticles functionalized with selective
ligands. These processes decrease the volume of the high-
level waste that is to be put into long-term storage and provide
materials for reuse. For example, magnetic nanoparticles with
diglycolamide ligand shells demonstrate great advantages in
extracting plutonium and uranium from mixed waste with
over 90% efficiency (Kim et al., 2024; Patel et al., 2024).

Hybrid systems utilizing nanotechnology and conventional
remediation techniques further support environmental
restoration efforts. Conventional examples of MOFs include a
combination with ion exchange resins to improve the selective
capture of radionuclides from liquid waste and nano-enabled
filters that aid in the removal of radioactive particles from air
and water. These integrated approaches maximize remediation
efficiency, reduce cost, and minimize the generation of
secondary waste (Singh et al. 2024).

Nanotechnology in Advanced Radiation
Detection and Monitoring Systems
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As the complexity of radiation detection and monitoring
grows in many sectors of nuclear facilities, medical
diagnostics, environmental safety, and homeland security,
greater technological sophistication for precision, sensitivity,
and portability becomes required. However, the emergence of
such devices as highly efficient nanoscale sensors, wearable
dosimeters, and integrated monitoring systems is made
possible by the application of new nanotechnology. This is
opening the door to more accurate radiation detection and
real-time monitoring across a range of applications.

Nanomaterial-Based Radiation Sensors

The capabilities of radiation sensors have been greatly
enhanced using nanoscale materials that provide greater
sensitivity and faster response than conventional approaches.
Semiconductor nanocrystals referred to as quantum dots
(QDs) possess unique photoluminescent properties, which
change the effect of exposure to ionizing radiation. These
materials are particularly fine for accurate detection of alpha,
beta, and gamma radiation. As an example, surface ligand
functionalized cadmium telluride (CdTe) quantum dots can
selectively detect low-dose gamma radiation which is useful
for environmental monitoring and medical imaging
applications (Chen et al., 2024; Singh et al., 2024).

Real-time radiation monitoring systems utilize carbon-based
nanomaterials, for instance, carbon nanotubes (CNT) and
graphene. These materials are outstandingly electroconductive
possess a large surface area and can detect small variations in
levels of ionizing radiation. For example, field—effect
transistors (FETs) based on CNTs can amplify the electrical
signals after interacting with radiation and take the
measurement rapidly and accurately. Similarly, graphene-
based radiation sensors have proven to be quite stable under
extreme conditions and hence can be used in nuclear power
plants and for space exploration (Zhang et al., 2024);

Portable and Wearable Radiation Detection

Devices

Portable and wearable radiation detection devices designed
using nanotechnology are realizing lightweight, flexible, and
efficient systems for use by individuals as well as
professionals. Compact radiation shields and detectors take
the form of nanoparticle-embedded thin films, for example,
bismuth oxide and tungsten nanoparticles in polymer
matrices. The benefits of these devices for continuous
monitoring of radiation exposure include very little daily
activity interference and are particularly beneficial for healthy
workers, nuclear operator plant personnel, and astronauts
(Kim, et al., 2024, Patel, et al., 2024).

Real-time monitoring of cumulative radiation doses has been
established using quantum dots which incorporate wearable
dosimeters on flexible substrates. With the integration of
wireless communication systems, these devices enable users
to receive alerts and monitor exposure levels through the
smartphone or a centralized monitoring platform. Some recent
developments consist of graphene-based dosimeters that can
accurately measure beta and gamma radiation and could be

placed in medical radiology and industrial settings (Lee et al,
2024).

Environmental and Security Applications

The nanotechnology-enabled sensors are critically required
for environmental radiation monitoring, such as the
measurement of soil, water, and air contamination levels.
Nanoparticles functionalized with chelating agents on their
surface, for example by coating silver nanoparticles,
selectively bind radioactive isotopes of cesium and uranium
giving fast and reliable contamination assessment. Managing
nuclear accidents and the safety of surrounding ecosystems
(Huang et al., 2024) are made possible with these sensors.

For security, nano-enabled detectors detect illicit radioactive
materials in cargo and public spaces. Metal oxide
nanoparticles hybridized with organic semiconductors exhibit
an increased sensitivity to detecting trace radioactive
substances. Portable systems used in deployment at borders,
airports, and other high-security locations are being developed
to prevent the unauthorized transport of radioactive materials
(Tanaka et al., 2024).

Integration with 1oT and Al

Radiation monitoring systems have also gained new
capabilities by integrating nanotechnology with loT
platforms, as well as Al. Nanosensors, enabled by the Internet
of Things (loT), collect radiation levels continuously and in
real-time coordinated across several locations, and Al
algorithms analyze such data and search for patterns that can
point to the risk of risk. For instance, artificial networks of
graphene-based sensors deployed in nuclear facilities can
detect any radiation leak almost immediately and inform the
operators, possibly reducing the response times and
diminishing the related plausibles. To optimize sensor
performance to accurately detect under varying environmental
conditions, we are also developing Al-driven platforms (Zhou
etal., 2024).

Nanotechnology in Isotope Production and

Applications in Medicine and Industry

The improvement of efficiency, precision, and scalability has
revolutionized isotope production and expanded the
applications of nuclear technology in medicine and industry.
Radiopharmaceuticals, imaging, therapy as well as industrial
processes are dependent on isotopes. Breakthroughs in the
production, delivery, and use of isotopes have resulted from
the integration of nanotechnology, which has solved multiple
problems of yield, stability, and specificity.

Nanotechnology in Radiopharmaceutical

Isotope Production

Isotopes of radiopharmaceutical, such as ~99mTc, ~131lI, and
A68Ga are of vital importance in medical diagnostics and
therapy. The efficiency of isotope production has been
improved by nanotechnology, largely by the availability of
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advanced target materials and increased yields of
radionuclides. For example, cyclotron-based ~99mTc
production was carried out with nanoparticle-based target
materials like yttria-stabilized zirconia (YSZ) doped with
molybdenum. On the other hand, these materials yield higher
yields of technetium-99m due to their higher thermal stability,
and enhanced neutron absorption (Singh et al., 2024).

Carriers of isotopes in radiopharmaceuticals are widely used
gold nanoparticles (AuNPs) and silica nanoparticles. Stability
and precise labeling of isotopes, such as "68Ga, for PET
imaging are afforded by our functionalized AuNPs. This
nano-enabled approach provides improved pharmacokinetics
of radiopharmaceuticals at efficient and minimal systemic
toxicity (Chen et al, 2024). Silica nanoparticles
functionalized with chelating agents were also shown to have
high loading and release efficiency of therapeutic isotopes,
such as the extensively used radioactive 71311 for thyroid
cancer treatment, (Zhang et al., 2024).

Nanoparticles in Targeted Radiotherapy
With the advent of nanotechnology, targeted radiotherapy has
greatly developed. The functionalized nanoparticles elevate
therapeutic isotope delivery to tumor sites thus improving
therapeutic efficacy while reducing healthy tissue damage.
Specifically, alpha-emitting isotopes (such as ~223Ra and
N211At) are well suited to targeted cancer therapy because
they have very high LET and short-range cytotoxicity.
Selectivity to cancerous tissues is guaranteed by these
isotopes when nanoparticles like liposomes and dendrimers
that are conjugated with them deliver substance to this tissue
and give superior therapeutic results (Patel et al., 2024).

Furthermore, theranostic applications are also afforded by
hybrid nanoparticles combining radiotherapy with imaging
agents. For instance, ~90Y-loaded iron oxide nanoparticles
have been developed to achieve simultaneous tumor imaging
and radiotherapy. The delivery of radiation to destroy cancer
cells while visualizing real-time therapeutic progress is
provided by these nanoparticles (Huang et al., 2024).

Industrial Applications of Isotopes Enabled
by Nanotechnology

In addition, isotopes have been industrialized in
nanotechnology through material testing, quality control, and
environmental studies. The precision of nondestructive testing
techniques has been improved with isotope labeling using
nanotechnology. Radiolabeled nanoparticle diagnostics are
used, for example, to assess the integrity of materials in
critical infrastructure such as pipelines and nuclear reactors to
maintain safety and reliability (Kim et al., 2024).

Nanotechnology makes isotopic tracers more sensitive to use
in following pollutant dispersion, groundwater flow, and soil
erosion in environmental studies. High sensitivity and
specificity can be achieved in the tracking of environmental
processes by functionalized nanoparticles, for instance, silver
or iron oxide particles with stable isotopes as a label. The fate
and transport of contaminants in ecosystems have been greatly

aided by the use of these nano-enabled tracers (Zhou et al.,
2024).

Future Prospects in Isotope Production

The integration of nanotechnology with traditional isotope
production methods, such as cyclotron and reactor-based
approaches, holds immense potential for the future. To
optimize isotope generation, nanomaterials with tailored
properties (e.g. high thermal conductivity, neutron absorption)
are being developed. For instance, the efficiency of neutron
capture is improved and medically useful radionuclides are
prepared more easily when boron nitride nanotubes (BNNTS)

are doped with target isotopes (Tanaka et al., 2024).

Another area is isotope recovery with nanomaterials that is
sustainable and efficient. The isotopes *99Tc and ~90Sr have
been recovered from nuclear waste streams using magnetic
nanoparticles functionalized with chelating agents. Recovery
radioactive waste while
providing a renewable supply of isotopes for industrial and
medical applications (Singh et al., 2024; Zhang et al., 2024).

of these processes minimizes
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Table 8: Comprehensive Innovations in Nanotechnology for
Nuclear Systems and Applications

Future Directions and Emerging Paradigms
By integrating nuclear physics, particle dynamics, and
nanotechnology, scientific innovation will converge to
redefine the boundaries of the possible in tackling high-
priority problems in energy, healthcare, and environmental
sustainability. Transformative advancements and strategic
applications of these interdisciplinary subjects will define
their future and have a powerful and transforming effect on
the future of human progress.

Currently, one of the most promising routes for sustainable
fusion energy systems is nanotechnology, which can address
material degradation and thereby overcome material
obstacles, improve tritium management, and enhance thermal
energy dissipation. Yttria-doped tungsten and Boron nitride
composites will significantly increase reactor durability and
efficiency by enabling advanced materials of construction to
be employed in the fusion reactor. Together, these
innovations, combined with Al-assisted material design and
predictive modeling, should bring us closer to reactors that
can provide clean and almost unlimited energy.

In the future, nuclear medicine will be about revolutionizing
cancer therapy by theranostics, bringing together diagnostics
and therapy in a single nanoparticle platform. Gold and silica-
based functionalized nanoparticles will allow for cancer
therapy with targeted specificity and reduced systemic
toxicity while providing imaging for real-time monitoring and
adaptive treatment regimes. These will move us towards new
heights of personalized medicine, in improving therapeutic
precision as well as patient outcomes.

Smart recycling and resource recovery technologies will also
shift the field of nuclear waste management to a new
paradigm. Selectivity and efficiency in separating and
recovering high-value isotopes, including uranium and rare-
earth elements, from spent nuclear fuel will be enhanced by
nanotechnology. Innovations such as MOF functionalized
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membranes, self-healing encapsulation systems, and green
synthesis approaches will minimize radioactive waste, reduce
risks, and make use of sustainability in addressing one of the
most perennial challenges with nuclear energy.

Real-time radiation and contamination mapping will
transform how environmental remediation efforts are
performed, allowing for monitoring and decontamination of
systems enabled by the loT, utilizing nanosensors and Al
algorithms to break boundaries currently in place. The
synergy of chemical remediation with mentoring plans will
optimize remediation strategies so that a rapid and effective
response to nuclear incidents will be achieved with minimal
ecological impacts. Furthermore, highly efficient next-
generation radiation shielding materials are lightweight, and
flexible and will revolutionize applications for nuclear
facilities, space exploration, and medical radiology. They will
also feature nanoceramics, graphene-based composites, and
polymeric nanofiber systems for high-level environmental
safety, reduced weight, and superior protection.

To be able to look ahead and synthesize nanotechnology into
future nuclear sciences will be through robust international
collaborations and standardizing ethical frameworks. Such
research surrounds developing laws and regulations and
constructing an actual research network of regulatory agencies
and policymakers to work through the complex social and
environmental implications of deploying these technologies at
scale. In addition, the quantum and Al frontiers will
exponentially complement nanotechnology efforts to create
imaging, diagnostic, and reactor management tools at
unprecedented precisions. The quantum dots and Al-
optimized nanosystems will dramatically improve the
efficiency and scalability, and prediction in the fields of
nuclear & medical applications.

While imbued with this forward-looking viewpoint, this
article highlights the transformative ability of a successful
combination of nuclear sciences with nanotechnology while
calling for the promotion of innovation, collaboration, and
sustainability. By addressing these opportunities and
challenges, these fields will set the stage for huge leaps in
solutions to humanity's deadliest problems.

Conclusion

Overall, the crosstalk of nuclear physics, particle physics, and
nanotechnology drives revolutionary technology to solve
some of the most urgent problems of humanity. With
significant advantages offered by the unique properties of
nanomaterials combined with state-of-the-art nuclear science,
tremendous progress has been made in the areas of medicine,
energy, and environmental sustainability. This
interdisciplinary approach enables precision diagnostics and
targeted cancer therapies, improving nuclear reactor safety,
and advancing environmental remediation, and has
unparalleled potential to transform  myriad fields.
Nevertheless, these challenges must be met on the road ahead:
the ability to continuously and economically manufacture
nanomaterials; proving the environmental compatibility over

the long term; and establishing strong regulatory frameworks
for their future use. This synergy is chock full of hurdles that
will require collaborative efforts between scientists, engineers,
and policymakers to triumph over, and when we do, will
provide innovation for a sustainable, technologically
advanced future.

References

1. Adesibikan, T., et al. (2024). Biogenic Iron
Nanoparticles for Soil and Water Remediation.
Journal of Environmental Nanotechnology, 12,
401-430.

2. Ahmed, F. et al. (2023). Ethical Implications of
Nanotechnology in Nuclear Medicine. Journal of
Ethics in Science and Engineering, 15, 45-59.

3. Arcos Rosero, W. A, et al. (2024). Review of
Advances in Coating and Functionalization of Gold
Nanoparticles: From Theory to Biomedical
Application. Pharmaceutics, 16, 255. DOI:
10.3390/pharmaceutics16020255

4. Baby, R., et al. (2022). Nanomaterials for the
Treatment of Heavy Metal Contaminated Water.
Polymers, 14, 583. DOI: 10.3390/polym14030583

5. Carter, M. et al. (2023). Advances in Proton
Therapy: Integrating Particle Physics with Clinical
Applications. Oncology Physics, 19, 201-226.

6. Casotti, M. C. et al. (2024). Integrating Frontiers: A
Holistic, Quantum and Evolutionary Approach to
Conquering Cancer. Front. Oncol, 14, 1419599.
DOI: 10.3389/fonc.2024.1419599

7. Chen, Y. et al. (2024). Computational Models for
Nanoparticle Design:  Bridging Theory and
Application. Journal of Computational Science, 31,
101-123.

8. Chen, Y., et al. (2024). Functionalized MOFs for
radionuclide adsorption from nuclear wastewater.
Journal of Hazardous Materials, 19(3), 312-328.
DOI: 10.1016/j.jhazmat.2024.01.023.

9. Chen, Y., et al. (2024). Gold nanoparticles for
isotope labeling in radiopharmaceuticals. Journal of
Radiopharmaceutical Sciences, 19(3), 230-245.
DOI: 10.1016/j.jrs.2024.01.012.

10. Chen, Y., etal. (2024). Graphene-enhanced coatings
for molten salt reactors. Advanced Coatings
Technology, 9(3), 150-165. DOI:
10.1016/j.act.2024.02.005.

11. Chen, Y., et al. (2024). Nanofiber-based fabrics for
wearable radiation  protection: Design and
performance. Textile Nanotechnology, 9(3), 212-
230. DOI: 10.1016/j.textnano.2024.02.003.

12. Chen, Y., et al. (2024). Quantum dots for enhanced
radiation detection: Mechanisms and applications.
NanoMaterials in Detection Science, 12(3), 245-
262. DOI: 10.1016/j.nmds.2024.01.014.

13. Chernysh, Y., et al. (2024). Soil contamination and
bioremediation techniques: A review. Soil Systems,
8, 36. DOI: 10.3390/s0ilsystems8020036.

*Corresponding Author: Saqib Hussain

© Copyright 2025 GSAR Publishers All Rights Reserved Page 113


https://doi.org/10.3390/pharmaceutics16020255
https://doi.org/10.3390/pharmaceutics16020255
https://doi.org/10.3390/polym14030583
https://doi.org/10.3389/fonc.2024.1419599
https://doi.org/10.3390/soilsystems8020036

Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

Chernysh, Y., et al. (2024). Soil contamination by
heavy metals and radionuclides and related
bioremediation techniques: A review. Soil Systems,
8, 36. DOI: 10.3390/s0ilsystems8020036.

Chow, J. C. L. et al. (2025). Monte Carlo
Simulations in Nanomedicine: Advancing Cancer
Imaging and Therapy. Nanomaterials, 15(1), 117.
DOI: 10.3390/nan015020117

Dastgheib, Z. S, et al. (2024). Gold Nanostructures
in Melanoma: Advances in Treatment, Diagnosis,
and Theranostic Applications. Heliyon, 10, e35655.
DOI: 10.1016/j.heliyon.2024.e35655

Demarteau, M. et al. (2016). Particle and Nuclear
Physics Instrumentation. Rev. Mod. Phys., 88,
045007. DOI: 10.1103/RevModPhys.88.045007
Dutta, Y. et al. (2024). Cancer Theranostics Using
Mesoporous  Silica ~ Nanoparticles. Nature
Communications, 11, 1184.

Feng, L., et al. (2024). Liposomal nanocarriers for
radiopharmaceutical applications in inflammatory
diseases. Therapeutic Nanotechnology Reviews,
19(2), 89-106. DOI: 10.1016/j.tnr.2024.02.004.
Feng, Y. et al. (2023). Radiation Resistance in
Nanostructured Materials for Nuclear Applications.
Progress in Materials Science, 101, 151-185.
Griffith, R. M. (1978). Dust Explosion Mechanisms.
Combustion Science and Technology, 20, 45-63.
Gupta, Y. D. et al. (2024). Mesoporous Silica
Nanotechnology: Promising  Advances in
Augmenting  Cancer  Theranostics.  Cancer
Nanotechnology, 15, 9. DOI: 10.1186/s12645-024-
00250-w

Hamoudeh, M., et al. (2008). Radionuclides
delivery systems for nuclear imaging and
radiotherapy of cancer. Advanced Drug Delivery
Reviews, 60(12), 1329-1346. DOI:
10.1016/j.addr.2008.04.012

HaoWei, T., et al. (2024). MXene-supported
nanoscale  zero-valent iron composites for

radionuclide remediation. Chemical Engineering

Journal, 10, 201-215. DOl:
10.1016/j.cej.2024.02.018.
Huang, F., et al. (2024). Biochar-mediated

remediation of  uranium-contaminated  soils:
Evidence, mechanisms, and perspectives. Biochar,
6, 16. DOI: 10.1007/s42773-024-00308-3.

Huang, F., et al. (2024). Environmental monitoring
using functionalized nanoparticles. Environmental
Science  Advances, 21(5), 112-130. DOI:
10.1016/j.envadv.2024.02.001.

Huang, F., et al. (2024). Nanocoatings for corrosion
resistance in decommissioned materials. Journal of
Applied Coatings Technology, 12(3), 190-207.
DOI: 10.1016/j.jact.2024.01.010.

Huang, F., et al. (2024). Theranostic applications of
radiolabeled nanoparticles. Journal of
NanoDiagnostics and Therapy, 15(1), 67-82. DOI:
10.1088/1757-899X/744/1/012345.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ikhazuagbe, H. 1., et al. (2024). Advancements in
Tantalum-Based Nanoparticles for Integrated
Imaging and Photothermal Therapy in Cancer
Management. RSC Advances, 14, 33681-33740.
DOI: 10.1039/d4ra05732¢

Inoue, H. et al. (2009). High-Speed Particle
Dynamics in Supernova Explosions. Astrophysical
Journal, 621, 56—71.

Igbal, M., et al. (2024). Advances in graphene-based
composites for radiation shielding applications.
Nanomaterials in Radiology, 12(2), 178-195. DOI:
10.1016/j.nanorad.2024.01.015.

Igbal, M., et al. (2024). Silica nanoparticles for
targeted radiation delivery in atherosclerosis.
Nanomedicine Advances, 12(4), 201-218. DOI:
10.1088/1757-899X/454/4/012345.

Jabbar, A. A., et al. (2024). Extremely efficient
aerogels of graphene oxide/graphene oxide
nanoribbons/sodium alginate for uranium removal
from wastewater. Scientific Reports, 14, 1285. DOI:
10.1038/s41598-024-52043-1.

Jiao, L., et al. (2024). Nanostructured Materials in
Reactor Cooling Systems: A Review on Efficiency
and Longevity. Energy Materials Review, 8(4),
233-256.

Jones, M. E., et al. (2024). Gold nanoparticles in
radiotherapy: Mechanisms and applications. Cancer
Nanotechnology, 15(2), 87-103. DOI:
10.1007/s12094-024-00567-z.

Jones, M. E., et al. (2024). Magnetic nanoparticles
for actinide separation in nuclear waste processing.
Advanced Materials Interfaces, 11(4), 567-581.
DOI: 10.1002/admi.202401234.

Kim, H. J., et al. (2024). Advances in dendrimer-
based radionuclide therapies for arthritis treatment.
Rheumatology Nano Research, 7(1), 35-50. DOI:
10.1016/j.rnanoresearch.2024.01.003.

Kim, H. J., et al. (2024). Advances in dendrimer-
based radiopharmaceuticals for cancer therapy.
Therapeutic Advances in Medical Oncology, 16(1),
102-118. DOI: 10.1177/17588359231234567.

Kim, H. J., et al. (2024). Advances in zirconium-
based MOFs for nuclear waste recycling. Materials
Today  Advances, 15(2), 89-104. DOIL:
10.1016/j.mattodadv.2024.02.003.

Kim, H. J., et al. (2024). Nanoparticle-embedded
thin films for wearable dosimeters. Journal of
Radiation  Protection, 9(4), 89-106. DOI:
10.1088/1757-899X/744/1/012456.

Kim, H. J., et al. (2024). Radiolabeled nanoparticles
for industrial material  testing.  Advanced
Engineering  Materials, 16(5), 78-95. DOI:
10.1016/j.engmat.2024.01.013.

Kim, J., et al. (2024). Functionalized zeolites for
tritium capture in fusion reactors. Energy Storage
Materials, 14, 215-230. DOl:
10.1016/j.ensm.2024.02.005.

*Corresponding Author: Saqib Hussain

© Copyright 2025 GSAR Publishers All Rights Reserved Page 114


https://doi.org/10.3390/soilsystems8020036
https://doi.org/10.3390/nano15020117
https://doi.org/10.1016/j.heliyon.2024.e35655
https://doi.org/10.1103/RevModPhys.88.045007
https://doi.org/10.1186/s12645-024-00250-w
https://doi.org/10.1186/s12645-024-00250-w
https://www.sciencedirect.com/science/article/pii/S0169409X08001124
https://www.sciencedirect.com/science/article/pii/S0169409X08001124
https://doi.org/10.1007/s42773-024-00308-3
https://doi.org/10.1039/d4ra05732e
https://doi.org/10.1038/s41598-024-52043-1
https://doi.org/10.1038/s41598-024-52043-1

Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ko, M. J,, et al. (2024). Magnetic nanoparticles for
ferroptosis cancer therapy with diagnostic imaging.
Bioactive Materials, 32, 66-97. DOI:
10.1016/j.bioactmat.2023.09.015

Kovalchuk, M. V., et al. (2023). Targeted Nuclear
Medicine: Achievements, Challenges, and
Prospects. Nanobiotechnology Reports, 18, 524—
541. DOI: 10.1134/S2635167623700416
Kovalchuk, M. V., et al. (2023). Targeted Nuclear
Medicine: ~ Achievements,  Challenges, and
Prospects. Nanobiotechnology Reports, 18, 524—
541.

Kumar, R., et al. (2024). Polymer-based
nanocarriers for peptide receptor radionuclide
therapy. Biomacromolecules, 25(4), 912-927. DOI:
10.1021/acs.biomac.3c12345.

Lee, J, et al. (2024). Hydrogen-rich
nanocomposites for space radiation shielding. Space
Materials Journal, 14(1), 67-84. DOl:
10.1088/1757-899X/744/1/012345.

Lee, J., et al. (2024). Quantum dot nanosensors for
real-time radiation detection. NanoEngineering in
Nuclear Science, 14(1), 78-94. DOI: 10.1088/1757-
899X/744/1/012345.

Lee, J., et al. (2024). Wearable radiation sensors
with  wireless ~ communication integration.
NanoCommunication Systems, 13(2), 190-207.
DOI: 10.1002/ncs.202401002.

Lee, T., et al. (2024). Graphene oxide membranes as
tritium barriers: A study on permeation resistance.
Nanotechnology Reviews, 18(2), 96-114. DOI:
10.1515/ntrev-2024-0101.

Lee, T., et al. (2024). Integration of nanotechnology
in SMR development. Journal of Clean Energy
Technologies, 19(4), 112-130. DOl:
10.1016/j.jcet.2024.01.015.

Liao, J. et al. (2024). Functionalized Nanoparticles
in Imaging and Therapy: The Road Ahead.
Nanomedicine Research, 15, 445-478.

Liu, S. F., et al. (2024). Breaking the barrier:
Nanoparticle-enhanced radiotherapy as the new
vanguard in brain tumor treatment. Frontiers in
Pharmacology, 15, 1394816. DOI:
10.3389/fphar.2024.1394816

Liu, Z., et al. (2024). Advanced adsorbents for
selective radionuclide capture. Materials Science
Advances, 16(4), 89-105. DOl:
10.1016/j.matsciadv.2024.03.005.

Liu, Z., et al. (2024). Metal matrix hanocomposites
for enhanced thermal conductivity in nuclear fuels.
Materials Science Advances, 18(2), 102-120. DOI:
10.1016/j.matsciadv.2024.03.002.

Liu, Z., et al. (2024). Silicon carbide nanoceramics
for high-temperature radiation shielding. Materials
Science  Advances, 16(5), 89-106. DOI:
10.1016/j.matsciadv.2024.03.002.

Lopez, C. F. et al. (2024). Nanofluids and Lithium-
lon Batteries. Energy Storage, 11, 301-315.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Lube, G. et al. (2020). VVolcanic Eruption Dynamics.
Earth and Planetary Science Letters, 512, 12-25.
Pallares, R. M., & Abergel, R. J. (2020).
Nanoparticles for targeted cancer radiotherapy.
Nano Research, 13, 2887-2897.

Patel, S. D, et al. (2024). Flexible graphene-based
dosimeters for healthcare applications. Radiology
NanoEngineering, 14(3), 78-94. DOl:
10.1016/j.radnano.2024.01.012.

Patel, S. D., et al. (2024). Hybrid nanoparticles for
multi-modal imaging and therapy. Advanced
Materials Interfaces, 11(2), 231-246. DOI:
10.1002/admi.202401235.

Patel, S. D., et al. (2024). Hybrid nanoparticles in
alpha-particle therapy. OncoNano Reviews, 12(3),
210-226. DOI: 10.1016/j.0nr.2024.01.014.

Patel, S. D., et al. (2024). Lanthanide recovery using
functionalized magnetic nanoparticles. Rare Earth

Materials, 7(2), 45-62. DOI:
10.1039/C9RA01234K.
Patel, S. D., et al. (2024). Zero-valent iron

nanoparticles in groundwater remediation: A
review. HydroScience Advances, 9(2), 56-72. DOI:
10.1016/j.hsa.2024.02.003.

Prasad, R., & Selvaraj, K. (2024). Choice of
nanoparticles for theranostics engineering: Surface
coating to nanovalves approach. Nanotheranostics,
8(1), 12-32. DOI: 10.7150/ntno.89768

Prasad, R., & Selvaraj, K. (2024). Engineering
nanoparticles for environmental remediation.
Environmental Nanotechnology, 10, 112-145.
Ramesh, K. et al. (2024). Nanotechnology in
Nuclear Energy: Addressing Challenges of
Efficiency and Safety. Nuclear Materials Review,
19, 78-94.

Reddy, G. S. & Sumalatha, V. (2024). Exploring the
Efficacy of Nanofluids for Thermal Management.
Journal of Physics: Conference Series, 2837,
012054. DOI: 10.1088/1742-6596/2837/1/012054
Roy, S., et al. (2022). Innovations in
Nanotechnology for Advanced Reactor Safety.
Nuclear Engineering Advances, 7(3), 145-167.
Russo, V. et al. (2024). Challenges and
Opportunities in  Nuclear Waste Management.
Journal of Nuclear Engineering, 41, 321-340.
Selim, M. M, et al. (2024). A Review of Magnetic
Nanoparticles Used in  Nanomedicine. APL
Materials, 12, 010601. DOI: 10.1063/5.0191034
Shi, Y. et al. (2024). Mesoporous silica
nanoparticles for combined cancer therapy and
imaging. Advanced Healthcare Materials, 16, 123—
145. DOI: 10.1002/adhm.202402416

Singh, R., et al. (2024). Advances in nanoparticle-
based target materials for isotope production.
Nuclear Materials Science Advances, 14(4), 190-
208. DOI: 10.1088/1757-899X/744/1/012345.
Singh, R., et al. (2024). Carbon nanotube-based
FETs for real-time radiation monitoring. Advanced

*Corresponding Author: Saqib Hussain

© Copyright 2025 GSAR Publishers All Rights Reserved Page 115


https://doi.org/10.1016/j.bioactmat.2023.09.015
https://doi.org/10.1016/j.bioactmat.2023.09.015
https://link.springer.com/article/10.1134/S2635167623700416
https://doi.org/10.3389/fphar.2024.1394816
https://doi.org/10.3389/fphar.2024.1394816
https://doi.org/10.1063/5.0191034

Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sensor  Technologies, 178-195. DOI:
10.1002/adt.202401123.

Singh, R., et al. (2024). Development of polymer-
tungsten  oxide nanocomposites for  X-ray
protection. Advanced Materials Interfaces, 22(4),
123-137. DOI: 10.1002/admi.202401234.

Singh, R., et al. (2024). Graphene oxide-based
nanomaterials for uranium removal. Environmental
Nanotechnology Reviews, 12(2), 150-165. DOI:
10.1515/envnano-2024-0014.

Singh, R., et al. (2024). Nanofluids for advanced
cooling systems in fusion energy. Thermal Science
and  Engineering, 29(3), 312-329. DOL:
10.1016/j.tsep.2024.03.010.

Smith, J. A, et al. (2024). Functionalized liposomes
for targeted radionuclide delivery. Journal of
Nuclear  Medicine, 65(3), 450-468. DOI:
10.2967/jnumed.123.56789.

Smith, J. A., et al. (2024). MOFs for selective
actinide recovery from acidic waste streams.
Chemistry of Materials, 36(3), 123-141. DOI:
10.1021/acs.chemmater.3c00345.

Smith, J., et al. (2024). Challenges in scaling

15(2),

nanotechnology for nuclear reactors. Energy
Materials  Reports,  15(2), 89-104. DOI:
10.1016/j.emr.2024.02.003.

Stiufiue, G. F., et al. (2024). Magnetic

Nanoparticles: Synthesis, Characterization, and
Their Use in Biomedical Field. Applied Sciences,
14, 1623. DOI: 10.3390/app14041623

Syuy, A. V., et al. (2024). Functionalized biochar
for environmental remediation: Uranium and
cesium focus. Biochar, 6, 42-56. DOL:
10.1007/s42773-024-00308-3.

Syuy, A. V., et al. (2024). Laser-synthesized TiN
nanoparticles as novel efficient sorbent for
environmental water cleaning. arXiv preprint
arXiv:2404.14289. DOIl:  10.1007/s42773-024-
00308-3.

Tan, Y., et al. (2024). Effect of drying cracks on
swelling and self-healing of bentonite-sand blocks
used as engineered barriers for radioactive waste
disposal. Journal of Rock Mechanics and
Geotechnical Engineering, 16, 1776-1787. DOI:
10.1016/j.jrmge.2023.07.025.

Tanaka, H., et al. (2024). Boron nitride nanotubes in
neutron capture for isotope production. Journal of
Nuclear Engineering Advances, 18(6), 150-165.
DOI: 10.1088/1757-899X/744/1/012345.

Tanaka, H., et al. (2024). Chromium carbide
nanocoatings for enhanced material durability.
Advanced Materials Interfaces, 15(2), 67-85. DOI:
10.1002/admi.202401567.

Tanaka, H., et al. (2024). Gold nanoparticles in
cardiovascular radiation therapy: Mechanisms and
applications. Cardiovascular Nanomedicine, 18(3),
121-137. DOI: 10.1016/j.cardnano.2024.01.014.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Tanaka, H., et al. (2024). Hybrid nanomaterials for
radioactive material detection. Journal of Security
Science, 16(4), 67-84. DOl:
10.1016/j.jsec.2024.01.003.

Tanaka, H., et al. (2024). Oxide dispersion-
strengthened steels for radiation-resistant reactor
components. Journal of Advanced Alloys, 7(1), 67-
84. DOI: 10.1088/1757-899X/744/1/012345.
Tanaka, S. et al. (2023). Understanding Neutrino
Oscillations Through Advanced Detector Design.
Physics Today, 67, 39-45.

Tarantino, F. N., et al. (2025). Green-synthesized
gold nanoparticles in radiotherapy: A sustainable
approach to dose enhancement. Nanoscale
Advances, 10, 152-169. DOI: 10.1039/d5na000152
Taylor, J. et al. (2023). Mesoporous Materials in
Drug Delivery and Beyond. Advanced Healthcare
Materials, 12, 89-113.

Timofeeva, E. V. et al. (2023). Particle Size and
Interfacial Effects on Thermo-Physical and Heat
Transfer ~ Characteristics. Advanced Materials
Research, 124, 45-67.

Wang, L., et al. (2024). Sustainability in Energy
Systems: Nanotechnology’s Role. Green Energy
Reviews, 11, 102-129.

Wang, L., et al. (2024). Sustainability in Energy
Systems: Nanotechnology’s Role. Green Energy
Reviews, 11, 102-129.

Wang, R. et al. (2024). Swollen Hydrogel
Nanotechnology: ~ Advanced  Applications  of
Hydrogels. ChemPhysMater, 3, 357-375. DOI:
10.1016/j.chphma.2024.07.006

Wang, X., et al. (2024). CNT-reinforced YBCO
superconductors ~ for  tokamak  applications.
Superconducting Science and Technology, 37(5),
589-603. DOI: 10.1088/1361-6668/acf002.

Xu, J., et al. (2024). Polymer-based nanoparticles
for benign tumor radiation therapy.
OncoTherapeutics, 16(5), 251-266. DOl:
10.1016/j.oncother.2024.02.005.

Xu, W. et al. (2023). Nanostructured Coatings for
Corrosion Resistance in Energy Applications.
Materials Performance, 58, 66—74.

Xu, W, et al. (2023). Nanostructured Coatings for
Corrosion Resistance in Energy Applications.
Materials Performance, 58, 66—74.

Yang, H. et al. (2024). Unraveling the Nuclear
Isotope Tapestry: Applications, Challenges, and
Future Horizons. Eco-Environment & Health, 3(1),
208-226. DOI: 10.1016/j.eehl.2024.01.001

Zhang, H. et al. (2024). Nanoparticle Applications
in Combustion Science. Journal of Combustion
Research, 45, 401-420.

Zhang, H., et al. (2024). Nanostructured tungsten
composites  for  plasma-facing  applications.
Materials Today Advances, 8(1), 112-128. DOI:
10.1016/j.mattodadv.2024.01.015.

*Corresponding Author: Saqib Hussain

© Copyright 2025 GSAR Publishers All Rights Reserved Page 116


https://doi.org/10.3390/app14041623
https://doi.org/10.1007/s42773-024-00308-3
https://doi.org/10.1007/s42773-024-00308-3
https://doi.org/10.1007/s42773-024-00308-3
https://doi.org/10.1007/s42773-024-00308-3
https://doi.org/10.1016/j.jrmge.2023.07.025
https://doi.org/10.1016/j.jrmge.2023.07.025
https://doi.org/10.1016/j.chphma.2024.07.006
https://doi.org/10.1016/j.chphma.2024.07.006
https://doi.org/10.1016/j.eehl.2024.01.001

Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

104.

105.

106.

107.

108.

109.

110.

Zhang, R., et al. (2024). Functionalized silica
nanoparticles for therapeutic isotope delivery.
Theranostics in  Nanomedicine, 18(2), 156-172.
DOI: 10.1016/j.tnn.2024.02.007.

Zhang, R., et al. (2024). Graphene-based radiation
sensors for extreme environments. Journal of
Applied Nanotechnology, 18(5), 150-167. DOI:
10.1016/j.jant.2024.02.007.

Zhang, R., et al. (2024). Hybrid nanoparticles in
theranostic applications for benign liver tumors.
NanoDiagnostics and Therapeutics, 22(3), 179-194.
DOI: 10.1002/ndt.2024.012456.

Zhang, R., et al. (2024). Nanosensors for radiation
monitoring during decommissioning. Journal of
Nuclear Safety and Technology, 18(5), 230-245.
DOI: 10.1016/j.nst.2024.01.015.

Zhang, R., et al. (2024). Nanostructured electrodes
for electrochemical separation in nuclear waste.
Electrochimica Acta, 432, 102-117. DOI:
10.1016/j.electacta.2024.01.009.

Zhang, R., et al. (2024). Quantum dots for
theranostic applications in oncology.
Nanotechnology Reviews, 21(5), 342-358. DOI:
10.1515/ntrev-2024-0123.

Zhang, R., et al. (2024). TRISO fuels and their
applications in high-temperature reactors. Journal of
Nuclear  Materials, 14(3), 201-218. DOI:
10.1016/j.jnucmat.2024.02.014.

111.

112.

113.

114.

115.

116.

117.

Zhou, H., et al. (2024). Bio-nanocomposites for soil
remediation of radionuclides. Environmental
Science  Advances, 21(4), 112-130. DOI:
10.1039/C9EAOQ0123A.

Zhou, H., et al. (2024). Boron carbide nanoceramics
for neutron shielding in nuclear reactors. Journal of
Nuclear  Materials, 58(3), 201-218. DOI:
10.1016/j.jnucmat.2024.02.010.

Zhou, H., et al. (2024). loT-enabled nanosensors for
radiation monitoring. Smart Monitoring Systems,
19(1), 234-250. DOI: 10.1088/1757-
899X/744/1/012345.

Zhou, H., et al. (2024). Nano-enabled isotopic
tracers for environmental monitoring.
Environmental Nanotechnology Advances, 21(4),
123-140. DOI: 10.1016/j.envnano.2024.02.002.
Zhou, H., et al. (2024). Nanostructured materials in
small modular reactor designs. Nuclear Engineering
Advances, 22(3), 179-194. DOI:
10.1002/nea.2024.012345.

Zhou, Q. et al. (2023). Functionalized Magnetic
Nanoparticles  in  Environmental  Cleanup.
Environmental Nanotechnology, 14, 299-318.
Zinkle, S. J., et al. (2024). Advanced plasma-facing
materials for ITER: A nanotechnology perspective.
Fusion Energy Materials, 19(3), 234-252. DOI:
10.1016/j.fusmat.2024.01.012.

*Corresponding Author: Saqib Hussain

© Copyright 2025 GSAR Publishers All Rights Reserved Page 117



