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ABSTRACT: Nanotechnology, first conceptualized by Richard Feynman in 1959, has revolutionized science and medicine
by enabling precise manipulation at the nanoscale. Nanoparticles (NPs), defined as structures with at least one dimension
below 100 nm, exhibit unique physicochemical properties that make them indispensable in biomedical applications,
particularly in diagnostics and drug delivery. Their high surface-area-to-volume ratio, tunable surface chemistry, and ability to
encapsulate therapeutic agents allow for enhanced pharmacokinetics, targeted tissue delivery, and reduced systemic toxicity.
In oncology, RNA-conjugated nanoparticles enable selective drug release at tumor sites, minimizing off-target effects.
Polymeric nanoparticles—such as liposomes, dendrimers, and silica-based carriers—improve drug solubility, stability, and
bioavailability, optimizing therapeutic outcomes. Green nanotechnology further advances sustainability by employing plant-
based synthesis methods, reducing environmental impact while maintaining efficacy. DNA nanotechnology represents another
frontier, where programmable nanostructures facilitate precision medicine through gene correction and personalized therapies.
Despite these advancements, challenges persist in regulatory compliance, safety, and ethical considerations. Ensuring
nanoparticle biocompatibility, long-term toxicity profiles, and scalable manufacturing remains critical for clinical translation.
Regulatory frameworks must evolve to address these concerns while fostering innovation. This review comprehensively
examines nanoparticle synthesis, characterization techniques, and functional applications in drug delivery. It highlights
breakthroughs in nanobiotechnology, including gene therapy and stimuli-responsive systems, while addressing barriers to
commercialization. By integrating interdisciplinary research, nanotechnology continues to redefine medical paradigms,
offering transformative solutions for cancer, neurodegenerative disorders, and infectious diseases. The future of nanomedicine
lies in harmonizing innovation with sustainability, ensuring safe and equitable healthcare advancements.

Keywords: Nanotechnology, Nanoparticle Drug Delivery, Liposomes and Dendrimers, Green Nanomedicine, DNA
Nanotechnology, Targeted Cancer Therapy.

Received: 13 August 2024; Revised: 10 October 2024; Accepted: 07 November 2024; Published Online: 24 November 2024

L Department of Biochemistry, Aligarh Muslim University, Aligarh-
202002, India.

2 Department of Chemistry, Aligarh Muslim University, Aligarh-
202002, India.

3 Cytogenetic and Molecular Toxicology Laboratory, Section of
Genetics Department of Zoology, Aligarh Muslim University,

1. INTRODUCTION

Nanotechnology, a transformative scientific discipline that
involves the manipulation of matter at the atomic and

Aligarh-202002, India.
4 Zoology Section, Women’s College, Aligarh Muslim University,
Aligarh-202002, India.
* Author to whom correspondence should be addressed:
gghas.amu@gmail.com (G. G. H. A. Shadab)

molecular scale, has revolutionized modern medicine,
materials science, and engineering since its conceptual
foundation was laid by physicist Richard Feynman in his
seminal 1959 lecture, "There’s Plenty of Room at the
Bottom" [1]. This visionary discourse proposed that materials
could be engineered at the nanoscale to exhibit novel
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properties, a prediction that has since materialized through
groundbreaking advancements in nanoparticle (NP) research.
Defined as particulate structures with at least one dimension
between 1 and 100 nanometers (nm), NPs exhibit unique
physicochemical properties—such as quantum confinement
effects, enhanced surface reactivity, and tunable optical
characteristics—that distinguish them from their bulk
counterparts [2]. These attributes have positioned NPs at the
forefront of biomedical innovation, particularly in drug
delivery, diagnostics, and regenerative medicine.

The structural complexity of NPs is a key factor in their
functionality. A typical NP consists of three distinct layers: (a)
a surface layer, often modified with polymers, surfactants, or
biomolecules to enhance stability and targeting; (b) a shell
layer, which may differ in composition from the core; and (c)
the core, which defines the NP’s primary therapeutic or
diagnostic function [3]. This layered architecture enables
precise control over drug encapsulation, release kinetics, and
interactions with biological systems. For instance,
liposomes—spherical vesicles composed of phospholipid
bilayers—can encapsulate hydrophilic drugs within their
aqueous core and hydrophobic agents within the lipid
membrane, thereby improving solubility and bioavailability
[4]. Similarly, dendrimers, with their highly branched, three-
dimensional structures, offer a high density of functional
groups for drug conjugation and targeted delivery [5].

One of the most compelling applications of NPs lies
in oncology, where they address critical limitations of
conventional chemotherapy, including systemic toxicity,
poor biodistribution, and multidrug resistance. Polymeric
nanoparticles, such as those made from poly(lactic-co-
glycolic acid) (PLGA), degrade controllably in physiological
environments, releasing chemotherapeutic agents in a
sustained manner at tumor sites via the enhanced
permeability and retention (EPR) effect[6]. Gold
nanoparticles (AuNPs), when functionalized with tumor-
specific ligands (e.g., antibodies or peptides), enable active
targeting, ensuring selective accumulation in cancer cells
while sparing healthy tissues [7]. Furthermore, AuNPs can be
engineered for photothermal therapy, where near-infrared
(NIR) irradiation induces localized hyperthermia, selectively
destroying malignant cells [8]. Another paradigm-shifting
application is RNA interference (RNAi) therapy, where small
interfering RNA (siRNA) molecules are conjugated to NPs
to silence oncogenes with high specificity, offering a potent
strategy for precision medicine [9].

Beyond therapeutics, NPs have
revolutionized diagnostics and medical imaging. Quantum
dots (QDs), semiconductor NPs with superior fluorescence
properties, provide high-resolution imaging for early cancer
detection [10]. Magnetic nanoparticles (MNPs), such as iron
oxide NPs, enhance contrast in magnetic resonance imaging
(MRI), enabling non-invasive tracking of disease progression
[11]. The bio-barcode assay, an ultrasensitive diagnostic
technique, leverages gold NPs and DNA amplifiers to detect
disease biomarkers at femtomolar concentrations—far
surpassing the sensitivity of conventional assays [12]. Such
innovations underscore the potential of NPs to bridge the gap

between  diagnostics and  therapy, giving rise
to theranostics—an integrated approach that combines
treatment and real-time monitoring of therapeutic response
[13].

Despite these advancements, the clinical translation of
NPs faces significant challenges. Regulatory hurdles arise
from the inherent heterogeneity of NPs in terms of size, shape,
surface charge, and degradation profiles, necessitating
rigorous standardization for reproducibility and safety
[14]. Toxicity concerns, particularly with metal-based NPs
(e.g., silver or cadmium-based QDs), include oxidative stress,
inflammatory responses, and long-term accumulation in vital
organs [15]. For example, while gold NPs are generally
considered biocompatible, their surface coatings and
aggregation tendencies can influence cytotoxicity and
immune recognition [16]. Similarly, polymeric NPs must
undergo extensive biodegradability testing to ensure they do
not elicit adverse immune reactions or accumulate in tissues
[17].

Green nanotechnology has emerged as a sustainable
alternative, emphasizing eco-friendly synthesis methods to
mitigate environmental and health risks. Plant-mediated NP
synthesis, utilizing phytochemicals as reducing and
stabilizing agents, offers a cost-effective and scalable
approach while minimizing toxic byproducts [18].
Microorganism-assisted synthesis, employing bacteria or
fungi, further enhances the biocompatibility of NPs for
medical applications [19]. Another promising frontier
is DNA nanotechnology, where programmable DNA origami
structures enable the design of nanocarriers with atomic
precision, facilitating targeted drug delivery and controlled
release [20].

Ethical and societal considerations also play a pivotal
role in the adoption of nanomedicine. The potential for gene-
editing NPsto permanently alter human DNA raises
questions about long-term consequences and equitable
access to advanced therapies [21]. Additionally, the patenting
and commercialization of nanotechnologies may create
disparities in healthcare accessibility, particularly in low-
resource settings [22]. Policymakers and researchers must
collaborate to establish global regulatory frameworks that
ensure safety without stifling innovation.

Looking ahead, interdisciplinary research will be crucial
in overcoming existing barriers. Advances in computational
modeling can optimize NP design, predicting interactions
with biological systems before in vivo testing [23]. Stimuli-
responsive NPs, engineered to release drugs in response to
pH, temperature, or enzymatic triggers, represent the next
generation of smart therapeutics [24]. Furthermore, 3D
bioprinting combined with NPs may enable the fabrication of
personalized tissue scaffolds for regenerative medicine [25].

This review provides a comprehensive analysis of NP
synthesis, characterization techniques, and biomedical
applications, with a focus on drug delivery systems. It

highlights recent breakthroughs in cancer
nanomedicine, gene therapy, and green nanotechnology,
while addressing unresolved challenges in toxicity,

scalability, and regulation. By integrating cutting-edge
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research from materials science, biology, and engineering,
nanotechnology is poised to redefine healthcare paradigms,
offering transformative solutions for some of the most
pressing medical challenges of the 21st century.

2. THE NANOSCALE REALM OF BIOLOGICAL
SYSTEMS

Biological processes predominantly occur at the nanoscale,
where nature has perfected molecular interactions over
millions of years of evolution. This intricate world operates
with remarkable precision, with essential biomolecules such
as hemoglobin—the oxygen-carrying protein in red blood
cells—measuring just 5.5 nanometers in diameter. Similarly,
the DNA double helix, which encodes genetic information,
has a width of approximately 2 nanometers, demonstrating
how life's fundamental processes unfold at dimensions
invisible to the naked eye [19].

The convergence of nanotechnology and biology has
opened new frontiers in medicine by enabling researchers to
develop tools and therapies that operate at this same scale.
Unlike conventional medical treatments, which often affect
both healthy and diseased tissues, nanoscale interventions
can be engineered for precision targeting, minimizing side
effects while maximizing therapeutic efficacy. A prime
example is the bio-barcode assay, a revolutionary diagnostic
technique that leverages gold nanoparticles functionalized
with antibodies and DNA barcodes to detect disease

biomarkers at ultra-low concentrations [20]. Originally
developed for prostate cancer detection, this method has
demonstrated sensitivity far surpassing traditional diagnostic
assays, capable of identifying biomarkers at concentrations
as low as attomolar levels. Its adaptability allows for the
detection of various disease markers, making it a versatile
tool for early diagnosis and personalized medicine [20].

A key advantage of nanoscale materials is their
exceptionally high surface-area-to-volume ratio, which
dramatically enhances their chemical reactivity compared to
bulk materials (Figure 1). This property is particularly
valuable in biomedical applications, where nanoparticle
surfaces can be modified with targeting ligands, drugs, or
imaging agents to improve their functionality. For instance,
in drug delivery, nanoparticles with large surface areas can
carry higher payloads of therapeutic agents while
maintaining stability in biological environments. Similarly,
in diagnostics, the increased surface reactivity of
nanoparticles allows for more efficient binding to biomarkers,
improving detection sensitivity [19].

The implications of nanoscale biology extend beyond
diagnostics and  therapeutics. Researchers are
exploring nanoscale  biosensors capable of  real-time
monitoring of physiological processes, enabling early
detection of diseases such as cancer, diabetes, and
neurodegenerative disorders. Additionally, advancements
in nanoscale imaging techniques, including super-resolution
microscopy and quantum dot-based fluorescence, provide
unprecedented insights into cellular and molecular dynamics,
further bridging the gap between nanotechnology and
biology [20].

The Impact of Nanoscale Biology
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Fig. 1. The Impact of Nanoscale Biology: Exploring Surface Reactivity, Medical Applications, and Biomolecular Functions.
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Fig. 2. Schematic representation of nanoparticle synthesis approaches: Top-down methods involve size reduction of bulk
materials through mechanical or chemical processes, while bottom-up approaches utilize molecular assembly from atomic or
molecular precursors. The diagram highlights key techniques and their applications in nanomaterial fabrication.

As nanotechnology continues to evolve, its integration with
biological systems promises to revolutionize medicine by
offering solutions that are not only more effective but also
minimally invasive. By harnessing the unique properties of
nanoscale materials, scientists are developing next-
generation therapies and diagnostic tools that align with the
body's natural processes, paving the way for a new era of
precision medicine [19].

3. SYNTHESIS OF NANOPARTICLES:
APPROACHES AND METHODOLOGIES

The synthesis of nanoparticles (NPs) represents a
fundamental aspect of nanotechnology, with various
chemical processes employed to create nanostructures with
precise control over size, shape, and composition. These
processes are broadly classified into two primary approaches
based on their formation mechanism: the top-down approach
and the bottom-up approach (Figure 2). The selection
between these methods depends on several factors including
reaction conditions, synthesis protocols, and the intended
application of the nanoparticles [21]. Each approach offers
unique advantages and limitations, making them suitable for
different types of nanomaterials and functional requirements.

3.1. Top-Down Synthesis Approaches

The top-down approach involves the physical or chemical
breakdown of bulk materials into nanoscale particles through
mechanical or energy-based processes. This method is
characterized by its destructive nature, where larger
structures are fragmented into smaller nanoparticles using

techniques such as grinding, milling, chemical vapor
deposition (CVD), and physical vapor deposition (PVD) [21].
These methods are particularly useful for producing
nanoparticles from hard or brittle materials that can withstand
mechanical stress without significant degradation of their
properties.

A notable example of top-down synthesis is the
production of coconut shell (CS) nanoparticles through high-
energy ball milling. In this process, raw CS powders are
subjected to prolonged milling using ceramic balls in a
planetary mill. Studies have shown that increasing the
milling duration leads to a progressive reduction in crystallite
size, as confirmed by X-ray diffraction (XRD) analysis using
the Scherrer equation. Visual observations, such as the
gradual fading of the brownish color of the nanoparticles,
further corroborate the reduction in particle size. Scanning
electron microscopy (SEM) imaging has provided additional
validation, demonstrating a consistent decrease in particle
dimensions with extended milling time [22]. This method
highlights the effectiveness of mechanical forces in
achieving nanoscale particle sizes from bulk precursors.

Another application of the top-down approach is seen in
the synthesis of magnetite (FesO4) nanoparticles from natural
iron oxide (Fe:0s) ore. By employing size reduction
techniques in the presence of organic stabilizing agents like
oleic acid, researchers have successfully produced spherical
magnetite nanoparticles with controlled sizes ranging
between 20 to 50 nm [23]. The oleic acid acts as a surfactant,
preventing particle aggregation and ensuring uniform
dispersion.  Similarly, colloidal carbon spherical
nanoparticles have been synthesized using a top-down
method that relies on the adsorption of polyoxometalates
(POM) onto carbon surfaces. This process breaks down
carbon black aggregates into smaller, well-dispersed
particles with narrow size distributions. The role of
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sonication time in this process has been particularly
significant, with longer sonication periods resulting in
smaller particle sizes, as evidenced by micrographic analysis
[23]. These examples underscore the versatility of top-down
methods in producing nanoparticles from diverse starting
materials.

3.2. Bottom-Up Synthesis Approaches

In contrast to top-down methods, the bottom-up approach
builds nanoparticles atom-by-atom or molecule-by-molecule,
starting from simpler precursors such as ions or molecular
clusters. This constructive approach is widely used in
techniques like sol-gel synthesis, green synthesis,
biochemical synthesis, and various reduction processes [21].
Bottom-up methods are particularly advantageous for
creating nanoparticles with precise control over composition,
crystallinity, and surface properties, making them ideal for
applications requiring high purity and tailored functionalities.

A representative example of bottom-up synthesis is the
fabrication of titanium dioxide (TiO:) anatase nanoparticles
incorporated with graphene domains. In this process, alizarin
and titanium isopropoxide serve as precursors, forming a
photoactive composite capable of degrading methylene blue
under light exposure. Alizarin was specifically chosen due to
its strong binding affinity with TiO: through hydroxyl groups,
which facilitates the formation of a stable nanocomposite.
XRD analysis confirmed the anatase phase of the synthesized
nanoparticles, while SEM imaging revealed that higher
reaction temperatures led to increased particle sizes [24].
This temperature-dependent growth illustrates the fine
control achievable with bottom-up methods, where reaction
parameters can be adjusted to tailor nanoparticle properties.

Another significant application of bottom-up synthesis
is in green nanotechnology, where biological agents such as
plant extracts, fungi, or bacteria are used to reduce metal ions
into nanoparticles. This eco-friendly approach avoids toxic
chemicals and harsh conditions, making it suitable for
biomedical applications. For instance, silver nanoparticles
synthesized using plant-derived reducing agents exhibit
excellent antimicrobial properties while maintaining
biocompatibility [21]. The bottom-up approach also enables
the production of complex nanostructures, such as core-shell
nanoparticles and quantum dots, which are challenging to
achieve through top-down methods. By carefully controlling
nucleation and growth conditions, researchers can engineer
nanoparticles with specific optical, magnetic, or catalytic
properties.

Both top-down and bottom-up approaches offer distinct
advantages depending on the desired nanoparticle
characteristics. Top-down methods excel in producing
nanoparticles from bulk materials with relatively simple
equipment, making them cost-effective for large-scale
production. However, they may introduce defects or
impurities during the size reduction process, which can affect
nanoparticle performance. In contrast, bottom-up methods
provide superior control over particle composition and

morphology, enabling the synthesis of high-purity, defect-
free nanoparticles. Nevertheless, these methods often require
precise control over reaction conditions and may involve
complex purification steps.

The choice between these approaches ultimately
depends on the specific application requirements. For
instance, top-down methods are well-suited for producing
metallic or ceramic nanoparticles used in catalysis or
composite materials, while bottom-up methods are preferred
for biomedical applications where purity and surface
functionalization are critical. Future advancements in
nanoparticle synthesis are likely to focus on hybrid
approaches that combine the scalability of top-down methods
with the precision of bottom-up techniques. Additionally, the
integration of artificial intelligence and machine learning in
synthesis protocols could optimize reaction parameters in
real-time, leading to more efficient and reproducible
nanoparticle production [21].

The synthesis of nanoparticles through top-down and
bottom-up approaches represents a cornerstone of
nanotechnology, enabling the creation of materials with
tailored properties for diverse applications. As research
progresses, the development of innovative synthesis
strategies will continue to expand the frontiers of
nanomaterial science, driving advancements in medicine,
energy, electronics, and environmental remediation.

4. CLASSTIFICATION OF NANOPARTICLES

Nanoparticles represent a diverse class of materials with
wide-ranging applications in medicine, electronics, and
materials science. Their classification is primarily based on
composition, structure, and synthesis methods, with each
type exhibiting unique properties that make them suitable for
specific applications (Figure 3). The major categories include
liposomes, dendrimers, ceramic nanoparticles, silica
nanoparticles, polymeric nanoparticles, and green
synthesized nanoparticles, each offering distinct advantages
in drug delivery, diagnostics, and therapeutic interventions.

4.1. Liposomes: Versatile Drug Delivery Vehicles

Liposomes are spherical vesicles ranging from 50 to 1000 nm
in diameter that have revolutionized drug delivery systems.
These nanostructures consist of one or more phospholipid
bilayers surrounding an aqueous core, mimicking the natural
structure of cell membranes. Rumiana et al. published a
comprehensive review on lipid nanoparticles (LNPs), tracing
their evolution from liposomes to mRNA vaccine delivery
systems (Figure 4) [25]. The article highlights LNPs'
pharmaceutical significance, particularly their crucial role in
COVID-19 mRNA vaccines by protecting and delivering
genetic material. While liposomes remain versatile, newer
LNPs like solid lipid and nanostructured carriers provide
superior stability and complex architectures.
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Fig. 3. Classification of major nanoparticle types for biomedical applications, highlighting their structural characteristics and
functional advantages. The illustration compares liposomal bilayers, dendritic architectures, ceramic matrices, mesoporous
silica frameworks, polymeric networks, and plant-mediated green synthesis approaches, emphasizing their respective roles in
drug delivery, diagnostics, and therapeutic interventions.
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Fig. 4. Evolution and diversity of lipid nanoparticle (LNP) platforms for therapeutic delivery. The illustration highlights key
LNP variants, including conventional liposomes (drug-loaded, targeted, and PEGylated "stealth" versions), mRNA-carrying
LNPs for vaccine delivery, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and cubosomes. These
systems demonstrate progressive advancements in lipid-based nanocarrier design for optimized drug encapsulation, stability,
and targeted release. [Reprinted with permission from ref. [25], Tenchov, R., Bird, R., Curtze, A.E. and Zhou, Q., 2021. Lipid
nanoparticles— from liposomes to mRNA vaccine delivery, a landscape of research diversity and advancement. ACS
Nano, 15(11), pp.16982-17015.Copyright © American Chemical Society].
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The review analyzes scientific publications and patents from
the CAS Content Collection, identifying emerging trends in
LNP applications. Key advancements include their use in
cancer treatment, nucleic acid delivery, and vaccine
development, with growing potential in medical imaging,
cosmetics, and agriculture.

The authors provide a valuable resource for researchers by
examining both current applications and future opportunities
in LNP technology, while addressing existing challenges
across various fields. The analysis underscores LNPs'
transformative potential as targeted drug delivery systems
capable of precise therapeutic release. The amphipathic
nature of phospholipids, with their hydrophilic heads and
hydrophobic tails, enables spontaneous self-assembly into
bilayers when hydrated [26]. This unique architecture allows
liposomes to encapsulate both hydrophilic drugs within their
aqueous core and hydrophobic compounds within the lipid
bilayer, making them exceptionally versatile carriers [27]. In
cancer therapy, liposomes have demonstrated remarkable
success by protecting chemotherapeutic agents from
degradation, enhancing their accumulation in tumor tissues
through the enhanced permeability and retention (EPR)
effect, and significantly reducing systemic toxicity [26].
Recent advancements have focused on modifying liposome
surfaces with targeting ligands such as antibodies or peptides
to further improve specificity, while stimuli-responsive
liposomes that release their payload in response to specific
triggers like pH or temperature are opening new possibilities
for precision medicine [27].

4.2. Dendrimers: Precision Nanostructures for Targeted
Delivery

Dendrimers represent a unique class of synthetic
macromolecules characterized by their highly branched,
three-dimensional architecture radiating from a central core
[28]. These nanostructures are synthesized through either
divergent (outward-growing) or convergent (inward-growing)
approaches, allowing precise control over their size, shape,
and surface functionality [29]. Polyamidoamine (PAMAM)
dendrimers, among the most extensively studied, feature
tertiary amines and amide linkages that provide numerous
sites for drug conjugation or host-guest interactions. Their
well-defined structure and monodisperse nature make
dendrimers ideal for drug delivery, with the ability to carry
therapeutic agents either encapsulated within their void
spaces or attached to their surface functional groups. The
nanoscale dimensions of dendrimers (typically 1-10 nm)
closely match those of essential biological molecules like
proteins and DNA, ensuring good biocompatibility and
cellular uptake. Current research explores their applications
in gene therapy, where cationic dendrimers effectively
complex with nucleic acids, and in targeted cancer therapy,
where surface-modified dendrimers can deliver drugs
specifically to tumor cells while minimizing off-target effects.
Pawan Kedar et al. reviewed the transformative potential of
dendrimers and dendronized nanoparticles in cancer

theranostics (Figure 5) [15]. These highly branched, 3D
nanostructures enable precise tumor targeting through
surface functionalization (e.g., PEGylation, folic acid/RGD
peptides), minimizing systemic toxicity while enhancing
drug delivery and imaging. Their adaptable architecture
supports encapsulation of metal nanoparticles (e.g., gold) for
improved tumor imaging via MRI, PET, or CT scans.
Dendrimers also facilitate liquid biopsies and targeted
therapy across diverse cancers (ovarian, brain, pancreatic,
etc.), with clinical trials underway. The review highlights
their role in advancing precision oncology through
biocompatible, multifunctional designs that integrate
diagnostics and treatment.

4.3. Ceramic Nanoparticles: Robust Platforms for

Biomedical Applications

Ceramic nanoparticles, including hydroxyapatite (HA),
zirconia (Zr02), silica (SiOz2), titanium oxide (TiO2), alumina
(Alz0s), and magnetic nanoparticles have emerged as
important materials for biomedical applications due to their
exceptional stability and tunable properties [30, 31]. These
inorganic nanoparticles are particularly valued for their high
mechanical strength, thermal stability, and resistance to
microbial degradation. In drug delivery, ceramic
nanoparticles offer several advantages including high loading
capacity, protection of encapsulated drugs from degradation,
and the ability to functionalize their surfaces for targeted
delivery [31]. Mesoporous silica nanoparticles, for instance,
have been extensively studied for their ability to provide
controlled drug release, with pore size and surface chemistry
precisely tuned to regulate release kinetics. However,
challenges remain regarding their potential to elicit immune
responses and long-term biodistribution, prompting ongoing
research into surface modification strategies to improve
biocompatibility. Recent innovations focus on developing
"smart" ceramic nanoparticles that respond to specific
physiological stimuli such as pH, temperature, or enzymatic
activity to trigger drug release at desired sites [31]. Pedro M.
Martins et al. reviewed the versatile biomedical applications
of magnetic nanoparticles (MNPs), highlighting their tailored
physicochemical properties for theragnostics, drug delivery,
and tissue engineering (Figure 6) [30]. MNPs enable
innovative therapies like photothermal/magnetic
hyperthermia and photodynamic therapy, while serving as
contrast agents for MRI. Their multifunctionality extends to
chemotherapy enhancement, bacterial inhibition, and SARS-
CoV-2 detection. The article emphasizes recent advances in
MNP synthesis, geometry control, and biofunctionalization,
addressing current trends and limitations. MNPs' unique
magnetic responsiveness and adaptability position them as
transformative tools in precision medicine.

4.4. Silica Nanoparticles: Precision Tools for Diagnostics
and Therapy
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Silica nanoparticles represent a particularly promising
subclass of ceramic nanoparticles, with mesoporous silica
nanoparticles (MSNs) standing out for their ordered pore
structures and large surface areas [31]. These nanoparticles
have been engineered to address the limitations of
conventional tumor markers in cancer diagnostics, with 7 nm
multimodal silica nanoparticles demonstrating exceptional
specificity in preclinical studies [32].

These advanced nanoparticles incorporate targeting ligands
like arginine-glycine-aspartic acid (RGD) peptides and
imaging agents such as radioiodine, enabling both precise
tumor targeting and diagnostic imaging capabilities. The
successful translation of these nanoparticles into clinical
trials marks a significant milestone in nanomedicine [32].
Surface modifications with polyethylene glycol (PEG) have
further improved their pharmacokinetics by reducing
opsonization and extending circulation time, while
optimization of size and surface charge has enhanced tumor
accumulation and enabled renal clearance to prevent long-
term accumulation [32]. Current research explores their
potential in combination therapies, where silica nanoparticles
simultaneously deliver therapeutic agents and enable
treatment monitoring through incorporated imaging
modalities. Shivani Daksh developed pH-responsive
manganese-impregnated mesoporous silica nanoparticles
(MnOx-MSN-FA-pa) for dual SPECT/MRI imaging of
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tumors (Figure 7) [32]. The nanoparticles, functionalized
with folic acid for folate receptor targeting, demonstrated
excellent biocompatibility (>90% cell viability at 200 pg/mL)
and specific uptake in MDA-MB-231 cancer cells. The
99mTc-labeled nanoprobe achieved 99.6% radiolabeling
efficiency and pH-triggered Mn?" release, enhancing MRI
relaxivity (rn=11.37 mM 's™'). In vivo studies showed high
tumor-to-muscle ratio (6.01 at 2 h) in xenografts, with
optimal T: contrast in MRI. This multifunctional platform
combines SPECT's sensitivity with MRI's spatial resolution
for precise tumor diagnostics.

4.5. Polymeric Nanoparticles: Versatile Carriers for
Therapeutic Agents

Polymeric nanoparticles have emerged as one of the most
versatile drug delivery platforms due to their tunable
physicochemical properties and biocompatibility [33]. These
nanoparticles can be fabricated from natural polymers like
chitosan and alginate or synthetic polymers such as
poly(lactic-co-glycolic acid) (PLGA), with their properties
carefully tailored through selection of polymer composition
and fabrication methods.

TARGETED
THERAPY

Fig. 5. Dendrimer-based theranostic platforms for precision oncology. The schematic illustrates applications in cancer
diagnostics (MRI, PET, CT) and targeted therapy across multiple tumor types (breast, lung, prostate, etc.), emphasizing surface-
functionalized dendrimers for imaging enhancement and tumor-specific drug delivery. [Reprinted with permission from ref.
[15], Kedar, P., Saraf, A., Maheshwari, R. and Sharma, M., 2024. Advances in Dendritic Systems and Dendronized
Nanoparticles: Paradigm Shifts in Cancer Targeted Therapy and Diagnostics. Molecular Pharmaceutics, 22(1), pp.28-57.

Copyright © American Chemical Society].
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The advantages of polymeric nanoparticles include
protection of encapsulated drugs from degradation,
controlled release kinetics, and the ability to modify their
surfaces for targeted delivery. In regenerative medicine,
polymeric nanoparticles have shown particular promise for
delivering growth factors or genetic material to promote
tissue repair [33].

Their ability to cross the blood-brain barrier has also
made them valuable tools for treating neurodegenerative
disorders, where they can deliver therapeutic agents directly
to affected neural tissues. Current challenges focus on
optimizing production methods to ensure batch-to-batch
consistency and developing sophisticated surface
modification strategies to enhance targeting specificity while
minimizing immune recognition. Maximilian A. Beach's
review highlights polymeric nanoparticles as transformative
drug delivery vehicles, emphasizing their tunable properties
(size, charge, stimuli-responsiveness) for precise therapeutic
targeting (Figure 8) [34]. These nanoparticles overcome

biological barriers, enabling controlled release of diverse
cargo (anticancer drugs, antivirals, antibiotics) in response to
pH or other stimuli. While demonstrating promise in treating
cancer, infections, and degenerative diseases, their clinical
adoption remains limited due to scalability and regulatory
challenges. The review systematically analyzes design
strategies, polymer selection, and disease-specific
applications, underscoring their potential to redefine
therapeutics pending resolution of manufacturing and safety
hurdles.

4.6. Green Synthesized Nanoparticles: Sustainable

Nanotechnology

The growing emphasis on sustainable practices has spurred
development of green synthesis methods for nanoparticle
production [35]. These approaches utilize natural reducing
and stabilizing agents from plant extracts, such as the
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Ayurvedic medicinal plant Shankhapushpi, or microbial
systems to synthesize metal nanoparticles without hazardous
chemicals. The polyphenols and other phytochemicals
present in these biological materials not only mediate
nanoparticle formation but also confer additional biological
activities, such as the antioxidant properties observed in iron
oxide nanoparticles synthesized using Shankhapushpi
extracts [35]. Green synthesized nanoparticles from sources
like Ginkgo biloba, pomegranate seed oil, thymoquinone,
and quercetin have demonstrated various therapeutic benefits
while addressing concerns about environmental impact and
toxicity associated with conventional synthesis methods [35].

However, challenges remain in standardizing these
biologically mediated synthesis processes and fully
understanding the molecular mechanisms underlying

nanoparticle formation and stabilization in these systems.
Ongoing research aims to optimize production protocols and
characterize the biological activities imparted by the capping
agents derived from natural sources. Pratibha Acharya
demonstrated that green-synthesized nanoparticles (AgNPs,
AuNPs) and nanoemulsions (turmeric, citrus) significantly
enhance onion seed germination, growth, and yield (Figure 9)
[36]. Using onion extract as a reducing agent, the team
created well-characterized nanoparticles (confirmed by UV-
vis, TEM, XRD) and low-energy nanoemulsions. Seed
priming with these nanomaterials improved emergence rates

(63.2% for AuNPs vs. 37.4% control) and boosted yields by
23.9%. Instrumental analysis confirmed nanoparticle
internalization in seeds, while field trials validated their
efficacy without adverse effects. This study pioneers a
sustainable nano-agriculture approach using agro-industrial
byproducts, offering a safe, efficient alternative to
conventional priming methods.

The diverse array of nanoparticle systems continues to
expand the frontiers of nanomedicine, with each class
offering unique advantages for specific applications.
Liposomes and polymeric nanoparticles remain workhorses
for drug delivery due to their biocompatibility and versatility,
while dendrimers provide unparalleled precision in
molecular design. Ceramic and silica nanoparticles offer
exceptional stability for demanding applications, and green
synthesized nanoparticles address growing concerns about
environmental sustainability. As research progresses, the
integration of these different nanoparticle types into hybrid
systems and their combination with emerging technologies
like artificial intelligence for design optimization promise to
unlock new possibilities in targeted therapy, personalized
medicine, and diagnostic imaging. The ongoing challenge
lies in translating these advanced nanoplatforms from
laboratory research to clinical applications, addressing
concerns about scalability, reproducibility, and long-term
safety while meeting stringent regulatory requirements.
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Fig. 9. Green nanotechnology for agricultural enhancement. (Top) Priming solutions: water control, turmeric/citrus
nanoemulsions, and biosynthesized silver/gold nanoparticles. (Bottom) Results showing improved onion seed germination and
growth with nano-priming compared to controls, demonstrating the potential of eco-friendly nanomaterials in precision
agriculture. [Reprinted with permission from ref. [36]. Acharya, P., Jayaprakasha, G.K., Crosby, K.M., Jifon, J.L. and Patil,
B.S., 2019. Green-synthesized nanoparticles enhanced seedling growth, yield, and quality of onion (Allium cepa L.). ACS
Sustainable Chemistry & Engineering, 7(17), pp.14580-14590. Copyright © American Chemical Society].
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Fig. 10. Characterization and Functional Aspects of Nanoparticles: Exploring Size, Shape, Surface Charge, and Porosity.

5. CHARACTERIZATION AND FUNCTIONAL
ASPECTS OF NANOPARTICLES

Nanoparticles represent a diverse class of materials with
applications spanning medicine, electronics, and materials
science. Their unique properties emerge from their nanoscale
dimensions, typically ranging from 1 to 100 nanometers,
which confer distinct physicochemical characteristics
compared to bulk materials. Comprehensive characterization
of nanoparticles is essential for understanding their behavior
and optimizing their performance in various applications.
This characterization encompasses multiple parameters
including size, shape, surface charge, and porosity, each
playing a critical role in determining nanoparticle
functionality (Figure 10).

The chemical composition of nanoparticles varies
widely, encompassing metallic nanoparticles, metal oxides,
polymeric structures, and lipid-based systems. Each type
exhibits unique chemical properties that can be probed using
advanced analytical techniques. Optical spectroscopy
methods, including UV-visible absorption and fluorescence
spectroscopy, provide information about electronic
transitions and surface plasmon resonance in metallic
nanoparticles [37]. X-ray fluorescence and absorption
spectroscopy offer elemental composition data and oxidation
state information, while Raman spectroscopy reveals
molecular vibrations and crystal structure details. Solid-state
nuclear magnetic resonance (NMR) spectroscopy 1is
particularly valuable for characterizing the molecular
environment and dynamics in polymeric and organic

nanoparticles [37]. These techniques collectively provide a
comprehensive picture of nanoparticle composition and
surface chemistry.

A defining feature of nanoparticles is their ability to
exist as discrete, individual entities with specific size, shape,
and surface characteristics. This distinguishes them from
other nanomaterials such as nanostructured films or
nanotubes that may have larger overall dimensions [37-39].
The small size of nanoparticles results in an exceptionally
high surface area to volume ratio, which dramatically
enhances their reactivity and interaction potential with
biological systems or other materials [40]. This property is
particularly advantageous for applications requiring high
catalytic activity or efficient drug loading. Furthermore, the
development of porous nanoparticles has expanded these
capabilities even further by providing additional internal
surface area and void spaces that can be exploited for
molecule storage and controlled release [44-48].

5.1. Size and Shape Characterization

Precise determination of nanoparticle size and morphology is
fundamental to understanding and predicting their behavior.
High-resolution = microscopy techniques, particularly
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), provide direct visualization of
nanoparticles with sub-nanometer resolution [49]. These
methods rely on interactions between electron beams and the
nanoparticle's atomic structure to generate detailed images of
particle morphology. Atomic force microscopy (AFM), a
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scanning probe technique, complements electron microscopy
by providing three-dimensional topographical information
under ambient or liquid conditions [49].

While spherical nanoparticles are commonly discussed
in literature, real-world nanoparticles exhibit a diverse range
of shapes including rods, cubes, tetrahedrons, and more
complex anisotropic structures [50]. These shape variations
can significantly influence nanoparticle properties and
performance. For instance, rod-shaped gold nanoparticles
display different plasmonic responses compared to their
spherical counterparts, while sharp-edged nanoparticles may
demonstrate enhanced cellular uptake [50-54]. Such shape-
dependent behaviors underscore the importance of thorough
morphological characterization.

A significant limitation of conventional electron
microscopy is its provision of two-dimensional projections
of three-dimensional objects. This can lead to
misinterpretations, particularly for anisotropic or irregularly
shaped particles. Advanced three-dimensional reconstruction
techniques such as electron tomography have emerged to
address this challenge [55, 56]. By acquiring multiple images
from different angles and computationally reconstructing the
three-dimensional structure, these methods provide more
accurate representations of nanoparticle morphology.
However, these high-resolution techniques typically have
low throughput and require specialized sample preparation,
often involving drying or staining procedures that may alter
nanoparticle characteristics [49].

For routine analysis of nanoparticle suspensions,
ensemble techniques such as dynamic light scattering (DLS)
and nanoparticle tracking analysis (NTA) are widely
employed. These methods measure particle Brownian motion
to determine hydrodynamic size distributions [49]. While
convenient and applicable to native suspension conditions,
these approaches provide only equivalent spherical diameters
and require complementary shape information for accurate
interpretation. Centrifugal and sedimentation methods offer
alternative size analysis approaches, particularly for dense
nanoparticles, but similarly yield size information based on
spherical approximations [49].

5.2. Surface Charge and Colloidal Stability

The interface between nanoparticles and their surrounding
medium is a dynamic region that critically influences
nanoparticle behavior. Surface charge development occurs
through various mechanisms including ionization of surface
groups, adsorption of charged species, or lattice defects in
crystalline materials [57]. This surface charge creates an
electrical double layer around each nanoparticle, comprising
a tightly bound Stern layer and a more diffuse Gouy-
Chapman layer. The potential at the boundary between these
layers, known as the zeta potential ({), serves as a key
indicator of colloidal stability [58].

Zeta potential measurements are typically performed
using electrophoretic light scattering techniques, which
analyze particle motion in an applied electric field.

Nanoparticles with high absolute zeta potential values
(generally > £30 mV) exhibit strong electrostatic repulsion
that prevents aggregation, while lower values indicate poorer
stability [58]. The relationship between zeta potential and
stability is complex, depending also on solution ionic
strength and the presence of stabilizing agents. In
physiological environments, the high ionic strength can
compress the electrical double layer, reducing electrostatic
stabilization and potentially leading to nanoparticle
aggregation [57].

Surface charge also plays a crucial role in biological
interactions. Positively charged nanoparticles typically
exhibit stronger interactions with negatively charged cell
membranes, often resulting in enhanced cellular uptake.
However, excessive positive charge may also increase
cytotoxicity and nonspecific protein adsorption [42, 43].
These considerations are particularly important for drug
delivery applications where controlled biodistribution is
desired. Surface charge characterization therefore forms an
essential part of nanoparticle development and optimization.

5.3. Porous Nanoparticles: Design and Characterization

The development of porous nanoparticles has opened new
possibilities in drug delivery, catalysis, and sensing
applications. These materials combine the benefits of
nanoscale dimensions with the added functionality of internal
void spaces and high surface areas [57,59]. Mesoporous
silica nanoparticles, for example, can exhibit surface areas
exceeding 1000 m?/g, with pore volumes allowing for
substantial drug payloads [60-62]. Metal-organic
frameworks (MOFs) represent another important class of
porous nanomaterials with exceptionally high surface areas
and tunable pore sizes [63].

Characterization of porous nanoparticles requires a
multi-faceted approach addressing several key parameters.
Pore size distribution is typically analyzed using gas
adsorption techniques such as nitrogen physisorption, which
provides information about pore diameters through analysis
of adsorption-desorption isotherms [64]. Mercury
porosimetry may be employed for larger macropores, while
small-angle X-ray scattering (SAXS) offers complementary
information about pore ordering and connectivity [65]. These
techniques collectively provide insights into the hierarchical
pore structure that determines nanoparticle loading capacity
and release kinetics.

The surface chemistry of porous nanoparticles requires
particular attention, as both internal and external surfaces
may need separate functionalization for optimal performance
[66]. Internal pore surfaces are often modified to control
host-guest interactions, while external surfaces may be
tailored for specific targeting or stealth properties. This dual
functionalization presents analytical challenges, as
techniques must distinguish between interior and exterior
modifications. Selective probe molecules and controlled
access experiments have been developed to address this need
[66].
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In drug delivery applications, porous nanoparticles must
be carefully characterized for their loading efficiency, release
kinetics, and stability under physiological conditions. The
sealing of pores with stimuli-responsive gatekeepers adds
another layer of complexity to these systems [60-62]. These
gatekeepers, which may be molecular complexes or polymer
coatings, must remain stable during circulation but respond
appropriately to specific triggers at the target site.
Characterization of these dynamic systems requires
techniques capable of monitoring changes in real-time under
relevant conditions.

5.4. Emerging Characterization Technologies

Recent advances in characterization technologies are
addressing many of the limitations of traditional methods.
Liquid-cell TEM allows for direct observation of
nanoparticles in their native hydrated state, providing
insights into dynamic processes such as growth, dissolution,
and interaction with biological components [55]. Super-
resolution microscopy techniques, including stochastic
optical reconstruction microscopy (STORM) and photo-
activated localization microscopy (PALM), are breaking the
diffraction limit of light microscopy to provide nanoscale
resolution of labeled nanoparticles in complex environments
[49].

Advanced spectroscopic techniques are also enhancing
nanoparticle characterization. Correlative microscopy
approaches that combine multiple techniques on the same
particles are providing more comprehensive understanding
of structure-property relationships. For example, combining
atomic force microscopy with infrared spectroscopy (AFM-
IR) allows for chemical mapping with nanoscale spatial
resolution [66]. Similarly, the integration of mass
spectrometry  with  microscopy techniques enables
simultaneous structural and compositional analysis.

5.5. Standardization Challenges and Future Directions

Despite these technological advances, challenges remain in
standardizing nanoparticle characterization protocols. The
lack of universally accepted procedures for many
measurements complicates comparison between studies and
hinders regulatory approval processes [66]. Variations in
sample preparation, measurement conditions, and data
analysis approaches can lead to significantly different results
for the same material. International efforts are underway to
develop standardized protocols and reference materials, but
much work remains to be done.

Future developments in nanoparticle characterization
will likely focus on several key areas. First, the integration of
artificial intelligence and machine learning approaches
promises to enhance data analysis and interpretation,
particularly for complex multi-parameter datasets. Second,
the development of more sophisticated in situ and operando
characterization techniques will provide better understanding

of nanoparticle behavior under realistic application
conditions. Finally, the creation of comprehensive
characterization ~ workflows that combine multiple

complementary techniques will be essential for thorough
nanoparticle evaluation.

The thorough characterization of nanoparticles across
multiple parameters is essential for their successful
development and application. As nanotechnology continues
to advance, so too must the analytical methods used to
understand and control these materials. The integration of
established techniques with emerging technologies will
provide increasingly sophisticated tools for nanoparticle
analysis, enabling the rational design of next-generation
nanomaterials with precisely tailored properties. This
comprehensive approach to characterization will be critical
for translating laboratory discoveries into real-world
applications that meet stringent performance and safety
requirements.

6. ADVANCEMENTS AND APPLICATIONS OF
NANOMEDICINE

Nanomedicine represents one of the most transformative
applications of nanotechnology in healthcare, leveraging the
unique properties of materials at the nanoscale (1-100 nm) to
develop innovative solutions for disease diagnosis, treatment,
and prevention [67]. At this scale, materials exhibit
fundamentally different physical, chemical, and biological
behaviors compared to their bulk counterparts, enabling
unprecedented control over therapeutic interventions. The
field has grown exponentially since its inception, with
nanoparticle-based therapies now playing crucial roles in
oncology, neurology, cardiology, and infectious disease
management [68]. These advancements stem from the ability
to engineer materials with precise control over size, surface
chemistry, and functionality, allowing for targeted
interactions with biological systems at the molecular level
(Figure 11).

The clinical translation of nanomedicine has been
particularly impactful in cancer treatment, where
conventional chemotherapy often suffers from poor
specificity and severe side effects. Nanoparticle-based drug
delivery systems address these limitations through enhanced
permeability and retention (EPR) effects in tumor tissues and
active targeting using surface-bound ligands [69]. For
instance, liposomal doxorubicin (Doxil) and albumin-bound
paclitaxel (Abraxane) were among the first FDA-approved
nanomedicines that demonstrated improved therapeutic
indices over their conventional counterparts [70]. Beyond
oncology, nanomedicine approaches are being developed for
neurological disorders, with nanoparticles engineered to
cross the blood-brain barrier for targeted delivery of
therapeutics in Alzheimer's and Parkinson's diseases [71].
The field continues to expand with innovations in diagnostic
imaging, where nanoparticle-based contrast agents provide
enhanced resolution for early disease detection, and in
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regenerative medicine, where nanostructured scaffolds guide
tissue repair and regeneration [72].

6.1. Targeted Drug Delivery Systems

The application of nanotechnology in drug delivery has
revolutionized pharmaceutical sciences by overcoming
numerous biological barriers that limit conventional
therapies [73]. Nanoparticle carriers can protect drugs from
premature degradation, control their release kinetics, and
direct them to specific tissues or cells. This targeting is
achieved through both passive mechanisms, such as the EPR
effect in tumors, and active strategies using surface-bound
targeting moieties like antibodies, peptides, or aptamers [74].
Recent innovations include stimuli-responsive nanoparticles
that release their payload in response to pathological cues
such as acidic pH, elevated enzymes, or redox conditions in
diseased tissues [75]. For example, pH-sensitive polymeric
nanoparticles have been developed to selectively release
chemotherapeutic  agents in  the acidic tumor
microenvironment while remaining stable in normal tissues
[76].

RNA interference (RNAi) therapy has particularly
benefited from nanodelivery systems, as demonstrated by the
FDA approval of patisiran, a lipid nanoparticle-formulated
siRNA therapeutic for hereditary transthyretin-mediated
amyloidosis [77]. The success of mRNA vaccines against
COVID-19 further highlighted the potential of lipid
nanoparticles to deliver nucleic acid therapeutics [78].
Current research focuses on expanding these platforms to
deliver other biomacromolecules, including CRISPR-Cas9
gene-editing components, with several candidates already in
clinical trials [79]. The ability to co-deliver multiple
therapeutic agents in a single nanoparticle further enables

combination therapies that can address drug resistance and
enhance treatment efficacy [80].

6.2. DNA Nanotechnology in Medicine

DNA nanotechnology has emerged as a powerful tool for
constructing precise nanostructures with programmable
features [81]. Unlike conventional nanoparticles, DNA-
based structures can be designed with atomic-level precision
through Watson-Crick base pairing rules, creating
customized shapes and functionalities. These structures
include DNA origami, where a long single-stranded DNA
scaffold is folded into predetermined shapes using short
staple strands, and dynamic DNA devices that can undergo
conformational changes in response to molecular triggers
[82]. In drug delivery, DNA nanostructures offer several
advantages: inherent biocompatibility, precise control over
drug loading positions, and the ability to incorporate multiple
functional elements such as targeting ligands and stimuli-
responsive gates [83].

Recent applications include DNA tetrahedrons for
targeted delivery of anticancer drugs, where the structure's
rigidity and well-defined geometry improve
pharmacokinetics and tumor accumulation [84]. DNA
walkers, another innovative construct, can perform
mechanical movements on cell surfaces to enhance drug
internalization or perform computations for diagnostic
applications [85]. The field is rapidly advancing toward
clinical translation, with ongoing efforts to address
challenges related to scale-up production, nuclease stability,
and immune recognition [86]. Computational tools now
enable in silico design and optimization of DNA
nanostructures, accelerating their development for specific
medical applications [87].
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Fig. 11. Revolutionizing Healthcare with Nanotechnology: Advancements in Drug Delivery, Diagnostics, and Medical Devices.
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6.3. Nanobiotechnology and Gene Therapy

The convergence of nanotechnology and gene therapy has
created new possibilities for treating genetic disorders and
other diseases at their molecular roots [88]. Viral vectors,
while effective, face limitations including immunogenicity
and insertional mutagenesis risks. Non-viral nanocarriers,
including  lipid-based,  polymeric, and inorganic
nanoparticles, offer safer alternatives with greater payload
capacity and easier manufacturing [89]. These systems
protect nucleic acids from degradation, facilitate cellular
uptake through endocytosis, and often include endosomolytic
components to promote endosomal escape [90].

Recent breakthroughs include lipid nanoparticles
delivering mRNA for protein replacement therapy and
CRISPR-Cas9 components for gene editing [91]. In cancer
immunotherapy, nanoparticle-delivered DNA vaccines have
shown enhanced antigen presentation and immune activation
compared to conventional formulations [92]. The field is also
exploring exosome-based nanocarriers, which leverage
natural intercellular communication mechanisms for
improved delivery efficiency and biocompatibility [93].
Challenges remain in achieving tissue-specific targeting and
minimizing off-target effects, particularly for systemic gene
editing applications [93].

6.4. Green Nanotechnology for Sustainable Medicine

The growing emphasis on environmental sustainability has
spurred the development of green nanotechnology
approaches in medicine [94]. These methods utilize
biological resources such as plant extracts, microorganisms,
or biomimetic processes to synthesize and assemble
nanoparticles with reduced environmental impact [95].
Green-synthesized metal nanoparticles, for instance, employ
phytochemicals as both reducing and stabilizing agents,
avoiding toxic chemicals used in conventional synthesis [96].
These nanoparticles often exhibit enhanced biocompatibility
and additional therapeutic properties derived from their
biological capping agents [97].

Applications range from antimicrobial wound dressings
incorporating  plant-derived  silver nanoparticles to
antioxidant formulations using green-synthesized selenium
nanoparticles [98]. The field also explores sustainable
manufacturing  processes, including energy-efficient
synthesis methods and biodegradable nanoparticle materials
[99]. While green nanomedicine shows great promise,
challenges remain in standardizing production methods and
fully characterizing the complex biomolecule-nanoparticle
interfaces that determine their biological behavior [100, 101].

6.5. Clinical Translation and Regulatory Considerations
The path from laboratory discovery to clinical application in

nanomedicine involves unique regulatory challenges [102].
Nanoparticle therapeutics are assessed as combination

products, requiring evaluation of both the carrier and active
pharmaceutical ingredient [103]. Key considerations include
characterization of nanoparticle physicochemical properties,
stability, and batch-to-batch consistency, as well as
comprehensive toxicology studies addressing potential
nanoparticle-specific effects [104]. The FDA and EMA have
issued guidance documents for nanomedicine development,
emphasizing the need for thorough characterization of size
distribution, surface properties, and drug release kinetics
[105].

Current clinical pipelines feature nanoparticles for
targeted cancer therapy, antimicrobial applications, and
vaccine delivery, with increasing emphasis on personalized
approaches [106]. The lessons learned from COVID-19
mRNA vaccines are accelerating development of nucleic acid
nanotherapeutics, while advances in manufacturing
technologies address scale-up challenges [107]. Future
directions include multifunctional theranostic nanoparticles
combining treatment and monitoring capabilities, and Al-
driven design of nanoparticle systems optimized for specific
patient populations [108].

The continued evolution of nanomedicine requires
addressing several critical challenges. Long-term safety
assessments are needed to understand nanoparticle fate in
biological systems, particularly for non-biodegradable
materials [109]. Scalable manufacturing methods must
maintain precise control over nanoparticle properties, while
cost considerations remain important for global accessibility
[110]. Interdisciplinary collaboration will be essential to
overcome these hurdles and realize the full potential of
nanotechnology in medicine, from basic research to clinical
implementation [111]. As the field matures, the integration of
nanomedicine with digital health technologies and
personalized medicine approaches promises to revolutionize
healthcare delivery in the coming decades [112].

7. FUTURE PROSPECTS OF NANOMEDICINE
AND NANOPARTICLE-BASED DRUG DELIVERY
SYSTEMS

The future of nanomedicine is poised for transformative
growth, driven by rapid advancements in nanotechnology,
biomaterials science, and precision medicine. As researchers
continue to unravel the complexities of nanoparticle (NP)-
based therapeutics, several key directions are emerging that
promise to redefine drug delivery, diagnostics, and
personalized treatment strategies.

One of the most promising areas is adaptive and stimuli-
responsive nanocarriers, which are engineered to release
drugs in response to specific biological triggers such as pH,
temperature, enzymes, or redox conditions. For example,
tumors often exhibit an acidic microenvironment, and pH-
sensitive NPs can be designed to degrade selectively in these
regions, ensuring targeted drug release while minimizing
systemic toxicity. Similarly, light- and ultrasound-activated
NPs enable spatiotemporal control over drug delivery,
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allowing clinicians to administer therapies with
unprecedented precision. These smart nanosystems are
expected to play a pivotal role in treating complex diseases
such as cancer, neurological disorders, and chronic
inflammatory conditions, where conventional therapies often
fall short due to poor biodistribution and off-target effects.

Another frontier is the integration of artificial
intelligence (AI) and machine learning (ML) in NP design
and optimization. Computational models can predict NP
behavior in biological systems, accelerating the development
of high-efficacy formulations while reducing reliance on
trial-and-error experimentation. Al-driven platforms can
analyze vast datasets on NP-drug interactions, toxicity
profiles, and pharmacokinetics to identify optimal
nanocarrier compositions for specific diseases. This
approach not only shortens the drug development timeline
but also enhances the success rate of clinical translations.
Furthermore, Al-powered diagnostics using NP-based
sensors could revolutionize early disease detection by
identifying biomarkers at ultra-low concentrations, enabling
interventions before symptomatic onset.

Gene-editing  nanotechnology represents  another
groundbreaking avenue, particularly with the advent of
CRISPR-Cas9 and other gene-modulating tools. Lipid-based
and polymeric NPs are being engineered to deliver gene-
editing machinery directly to target cells, offering potential
cures for genetic disorders such as sickle cell anemia, cystic
fibrosis, and muscular dystrophy. Recent studies have
demonstrated the feasibility of NP-mediated delivery of
mRNA vaccines, as evidenced by the success of COVID-19
mRNA vaccines, which utilized lipid NPs to protect and
transport genetic material into cells. Future research will
likely focus on improving the stability, targeting efficiency,
and safety of these systems to expand their applications
beyond infectious diseases to cancer immunotherapy and
regenerative medicine.

The rise of green nanotechnology is also shaping the
future of nanomedicine by addressing environmental and
toxicity concerns associated with traditional NP synthesis.
Plant-derived NPs, synthesized wusing biocompatible
reducing agents like polyphenols and flavonoids, offer a
sustainable  alternative to chemically synthesized
counterparts. These eco-friendly NPs exhibit reduced
cytotoxicity and improved biodegradability, making them
ideal for clinical use. Additionally, microbial synthesis—
employing bacteria, fungi, or algae—provides a scalable and
low-cost method for producing metallic NPs with controlled
sizes and morphologies. As regulatory agencies emphasize
greener manufacturing practices, the adoption of these
methods is expected to grow, ensuring that nanomedicine
aligns with global sustainability goals.

Personalized nanomedicine is another transformative
prospect, where NPs are tailored to individual patient profiles
based on genetic, proteomic, and metabolic data. Advances
in microfluidics and 3D printing technologies enable the
fabrication of patient-specific nanocarriers loaded with
customized drug combinations. For instance, NPs
functionalized with biomarkers unique to a patient’s tumor

could facilitate precision oncology, maximizing therapeutic
efficacy while minimizing adverse effects. Similarly,
wearable NP-based sensors could provide real-time
monitoring of drug levels and disease progression, allowing
for dynamic treatment adjustments.

Despite these exciting developments, several challenges
must be addressed to fully realize the potential of
nanomedicine. Regulatory standardization remains a critical
hurdle, as the current lack of uniform guidelines for NP
characterization and safety assessment complicates clinical
approval processes. Collaborative efforts between academia,
industry, and regulatory bodies are needed to establish robust
frameworks that ensure reproducibility, scalability, and
patient safety. Additionally, long-term  toxicity and
biodistribution studies are essential to evaluate the potential
accumulation of NPs in vital organs and their effects on
immune responses. Innovations in  biodegradable
nanomaterials, such as silica and polymeric NPs, are being
explored to mitigate these risks.Ethical considerations also
warrant attention, particularly concerning equitable access to
advanced nanotherapies. The high cost of NP manufacturing
and intellectual property restrictions could limit availability
in low-resource settings, exacerbating global health
disparities.  Policymakers must prioritize inclusive
innovation strategies, such as open-source nanotechnology
platforms and public-private partnerships, to ensure that
breakthroughs benefit all populations. Looking ahead,
interdisciplinary collaboration will be paramount in driving
nanomedicine  forward.  Converging  fields  such
as nanorobotics, synthetic biology, and bioelectronics could
unlock unprecedented capabilities, such as nanoscale
surgical bots for targeted tumor removal or biohybrid NPs
that integrate living cells for enhanced therapeutic delivery.
The integration of nanotechnology with quantum
computing may further revolutionize drug discovery by
simulating molecular interactions at an atomic level,
enabling the design of ultra-precise nanocarriers. The future
of nanomedicine is bright, with innovations in stimuli-
responsive systems, Al-driven design, gene editing, and
personalized therapies set to transform healthcare. By
addressing current challenges in regulation, toxicity, and
accessibility, nanotechnology will cement its role as a
cornerstone of 21st-century medicine, offering solutions to
some of the most persistent and complex medical challenges.

8. CONCLUSION

Nanotechnology has emerged as a cornerstone of modern
medicine, offering unprecedented precision in diagnostics
and therapeutics. This review underscores the transformative
potential of nanoparticles (NPs) in drug delivery, where
engineered systems like liposomes, dendrimers, and
polymeric NPs enhance drug stability, bioavailability, and
targeted release. By minimizing off-target effects, these
innovations address critical limitations of conventional
therapies, particularly in oncology and neurology. The
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integration of DNA nanotechnology and nanobiotechnology
has further expanded horizons, enabling gene-editing tools
and personalized medicine. For instance, RNA-conjugated
NPs and CRISPR-based nanocarriers exemplify how
nanotechnology can correct genetic defects or silence
disease-causing mutations with minimal invasiveness. Green
nanotechnology also contributes to sustainable practices,
leveraging eco-friendly synthesis methods to reduce
environmental toxicity. However, clinical adoption faces
hurdles, including regulatory complexities, long-term
biosafety concerns, and scalable production challenges.
Nanoparticle heterogeneity, potential immunogenicity, and
unpredictable in vivo behavior necessitate rigorous
characterization via advanced techniques such as electron
microscopy, dynamic light scattering, and zeta potential
analysis. Regulatory agencies must establish standardized
protocols to evaluate nanomedicine safety, ensuring
compliance with global health standards. Future directions
should prioritize interdisciplinary collaboration to optimize
NP design for multifunctional applications, such as
theranostics (combined therapy and diagnostics) and stimuli-
responsive drug release. Investments in public-private
partnerships can accelerate translational research, bridging
the gap between laboratory discoveries and clinical
implementation. Additionally, ethical frameworks must
guide equitable access to nanomedicine, preventing
disparities in healthcare delivery.
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