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Abstract

Nanobiotechnology represents a dynamic convergence of nanotechnology and biological sciences, offering
transformative solutions across medicine, agriculture, and environmental monitoring. By enabling precise
manipulation of materials at the nanoscale, this field has revolutionized diagnostics, targeted drug delivery, tissue
engineering, and biosensing. This paper explores the unique properties of nanomaterials—such as carbon
nanotubes, gold nanoparticles, and quantum dots—and their functional integration with biological systems. It
highlights cutting-edge innovations including cellular-level nanorobots, Al-enhanced smart nanomaterials, and
personalized nanomedicine tailored to genetic profiles. The review also addresses emerging techniques like 3D
nanoprinting and self-assembly, while examining broader applications in synthetic biology and environmental
remediation. Finally, it underscores the importance of interdisciplinary collaboration, ethical oversight, and
adaptive regulatory frameworks in guiding the responsible advancement of nanobiotechnology.
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Introduction

Nanotechnology [1] is an enabling field that focuses on
the manipulation and application of materials and devices at
the nanometre scale. “The intersection of nanotechnology
and biological sciences marks a transformative frontier in
contemporary research. Operating within the 1-100
nanometre range, nanotechnology enables highly precise
interactions with biological entities at molecular and cellular
scales [2]. This has given rise to nanobiotechnology—a
multidisciplinary domain that draws from physics,
chemistry, biology, and engineering to develop innovative
solutions for complex biological problems [3]. Its
applications span medicine, agriculture, environmental
science, and industrial biotechnology.
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Nanotechnology is advancing across materials, devices,
and systems, with nanomaterials currently leading in both
research and commercial deployment. Initially prized for
their size-dependent physical and chemical properties,
nanoparticles are now transitioning from laboratory studies
to real-world applications [4].

Biological cells, typically around 10 micrometres in
diameter, contain substructures such as proteins (~5
nanometres) that are comparable in size to engineered
nanoparticles. This dimensional compatibility allows
nanoparticles to serve as minimally invasive tools for
probing cellular processes. Studying biology at the nanoscale
has become a cornerstone of nanotechnological progress [5].
Among the many unique properties of nanomaterials, their
optical and magnetic behaviours are particularly valuable in
biomedical contexts, where they are extensively used for
imaging, diagnostics, and therapy [6].

This review offers a historical overview of nanomaterials
in biology and medicine, highlights current innovations, and
discusses the challenges of scaling up for commercial use.
While hybrid bionanomaterials also hold promise for
advanced electronics and memory devices, those topics are
reserved for future exploration [7].
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Nanomaterials and Their Biological Significance

Nanomaterials possess distinctive features such as high
surface-area-to-volume ratios, enhanced reactivity, and
tunable optical and magnetic properties, making them ideal
for biological applications [8]. Key types include:

e Carbon nanotubes: Cylindrical structures with
exceptional mechanical strength and electrical
conductivity.

e Gold nanoparticles: Biocompatible particles widely
used in diagnostics and imaging.

e Quantum dots: Fluorescent semiconductor
nanocrystals for high-resolution imaging.

e Dendrimers: Highly branched polymers suitable for
drug and gene delivery.

e Liposomes: Spherical vesicles
encapsulating therapeutic agents.

capable of

Functionalization with biomolecules (e.g., antibodies,
peptides) enhances their biological specificity and
compatibility. However, rigorous assessment of toxicity and
biocompatibility remains essential for safe deployment.

Biomedical Applications
Targeted drug delivery

Nanoparticles can be tailored to deliver drugs directly to
diseased cells, minimizing side effects and maximizing
therapeutic impact. Liposomal drugs like Doxil (liposomal
doxorubicin) utilize the enhanced permeability and retention
(EPR) effect to concentrate treatment in tumour tissues [9].

Diagnostics and imaging

Nanotechnology has transformed molecular diagnostics.
Gold nanoparticles are used in rapid tests (e.g., COVID-19
lateral flow assays), while quantum dots offer superior
brightness and photostability for cellular imaging [10].
Magnetic nanoparticles enhance MRI contrast, improving
diagnostic accuracy.
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Figure 1: Typical configurations utilised in nano-bio materials
applied to medical or biological problems.

Tissue engineering and regenerative medicine

Nano-engineered scaffolds replicate the extracellular
matrix, supporting cell adhesion, proliferation, and
differentiation. These materials are crucial for regenerating
tissues such as skin, bone, and nerves. Nanofibers and
composites also facilitate stem cell integration and
specialization [11].

Environmental Applications
Nano-biosensors for monitoring

Nano-biosensors integrate  biological recognition
elements with nanoscale transducers to detect pollutants with
high sensitivity and specificity. They are employed to
monitor contaminants like heavy metals, pesticides, and
pathogens in soil and water [12].

Nanotechnology in bioremediation

Nanoparticles can boost microbial degradation or directly
neutralize harmful substances. For instance, nanoscale zero-
valent iron (nZVI) is effective in treating groundwater
contaminated with chlorinated compounds and heavy metals
like arsenic [13].
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Figure 2: The significant application and types of biomedical
nanomaterials.

Agricultural and Food Biotechnology
Smart delivery systems

Nano-encapsulation [14] enables controlled release of
agrochemicals such as fertilizers and pesticides, enhancing
efficiency and reducing environmental harm. These systems
can respond to stimuli like pH or temperature for precision
delivery.

Food safety and preservation

Nanoreinforcement  involves embedding specific
nanomaterials and nanostructures into packaging materials to
strengthen their barrier properties against oxygen, moisture,
and microbial contamination. In addition, nano-enabled
active packaging integrates functional nanoparticles or
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nanostructures — such as antioxidants, antimicrobial agents,
and oxygen scavengers — into the packaging matrix to
enhance its performance. These active nanomaterials interact
directly with the packaged fresh produce, helping to extend
shelf life, reduce spoilage, and preserve nutritional value
[15].

Challenges and Ethical Considerations

Despite its vast potential, nanotechnology faces several
critical and ethical challenges [16]:

e Toxicity: The small size and high reactivity of
nanoparticles may lead to unintended biological and
ecological consequences.

e Regulatory gaps: Existing frameworks are
insufficient for evaluating risks associated with
nano-enabled products.

e  Public perception: Transparent communication is
essential to build public trust and acceptance.

Key Future Innovations in Nanobiotechnology
Nanorobots at the cellular level

Nanorobots operating at the cellular level are engineered
to navigate through the bloodstream and engage directly with
individual cells. These microscopic machines hold immense
promise in revolutionizing medical treatments through
highly targeted applications. Among their most compelling
uses are precision drug delivery—such as administering
chemotherapy directly to cancerous cells—cellular repair
and regeneration, and real-time monitoring of biochemical
processes within the body. By functioning at such an intimate
scale, nanorobots offer unprecedented control and efficiency
in diagnostics and therapeutics, paving the way for a new era
of personalized medicine [17].

Intelligent nanomaterials + Al

The integration of nanotechnology with artificial
intelligence (Al) is transforming biomedical diagnostics and
therapeutics. Nano sensors, when combined with Al, enable
early disease detection at the molecular level, adaptive
treatment systems that respond to real-time data, and
continuous health monitoring through wearable or
implantable devices. Moreover, Al plays a pivotal role in
advancing nanomaterials across all stages—from design and
intelligent synthesis to in-depth characterization. By
leveraging vast databases and machine learning algorithms,
researchers can design novel materials, optimize synthesis
conditions, and extract complex information from
characterization results with high efficiency. Together, these
innovations mark a significant leap toward smart,
personalized, and data-driven healthcare solutions [18].

Personalized nanomedicine

Nanomedicine is increasingly viewed as a transformative
force in modern healthcare, poised to revolutionize every

aspect—from diagnosis to treatment. A key promise of this
field is the advancement of personalized medicine, which
aims to tailor diagnostics and therapies to the unique needs
of individual patients, ultimately promoting a more patient-
centred approach. This article, based on qualitative
interviews with nanomedicine researchers in Canada,
examines how the concept of personalized medicine is
evolving within the context of nanomedical research.
Drawing on perspectives from science and technology
studies and the sociology of expectations, it explores how
researchers perceive and interpret personalized medicine at
the forefront of nanomedical innovation [19].

Emerging techniques & materials

Table 1: Details of techniques.

Technique Description Impact
Enables complex
3D Precision fabrication drug delivery
Nanoprinting of nanostructures systems and tissue
scaffolds
Molecules Scalable at}d cost-
Self- effective
autonomously form .
Assembly . nanomaterial
functional structures -
production
Advanced 2D . Applied in
Graphene & . . biosensors, drug
materials with .
MXenes . . carriers, and energy
unique properties
storage

Broader applications beyond medicine

e Environmental remediation: Nanoparticles that
detoxify pollutants and restore ecosystems.

o Synthetic biology: Engineering artificial cells and
tissues for research and therapy.

e Agriculture: Smart nanocarriers for -efficient
delivery of nutrients and pesticides.

Ethical & collaborative imperatives
To unlock the full potential of nanobiotechnology:

e Interdisciplinary collaboration: Scientists,
engineers, ethicists, and data experts must work
together.

o Ethical oversight: Addressing concerns around
privacy, safety, and equitable access is crucial.

e Regulatory evolution: Policies must adapt to
support innovation while ensuring safety.

Future Outlook

The next wave of nanobiotechnology will feature
cellular-level nanorobots, Al-integrated smart nanomaterials
for real-time diagnostics, and personalized nanomedicine
tailored to individual genetic profiles. Achieving these
breakthroughs will require ongoing interdisciplinary
collaboration and a steadfast commitment to ethical
innovation.



Latha MM, et al.

Open Access

Conclusion

The integration of nanotechnology with biological

sciences is reshaping research and applications across diverse
fields. From precision healthcare to sustainable agriculture
and environmental stewardship, nanotechnology offers
powerful tools to address pressing biological challenges. As
the field continues to evolve, its influence is poised to expand
even further.
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