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Abstract

Nanoparticles are materials with dimensions generally ranging from 1 to 100 nm and have attracted considerable attention
because their physicochemical properties differ from those of bulk materials. Their small size, high surface-area-to-volume
ratio, optical and magnetic properties, and modifiable surfaces make them valuable tools in biological research and medicine.
Nanoparticles have been investigated for applications in drug delivery, gene delivery, bioimaging, biosensing, cancer therapy,
antimicrobial treatment, tissue engineering, and regenerative medicine. Different types of nanoparticles, including metallic,
magnetic, polymeric, lipid, silica, and semiconductor nanoparticles, possess distinct properties that can be tailored for specific
biological applications. In particular, lipid nanoparticles have become important carriers for nucleic acids, while gold and
magnetic nanoparticles have shown promise in imaging and cancer therapy. Despite their potential, issues related to toxicity,
biodistribution, stability, immune responses, and large-scale manufacturing remain important challenges. This article reviews
the major types of nanoparticles and their applications in biology, with emphasis on their therapeutic, diagnostic, and
research uses.
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Introduction

Nanotechnology is an interdisciplinary field involving the
design and application of materials and structures at the
nanometer scale. Nanoparticles are among the most
studied nanomaterials because their small
dimensions result in unique physical, chemical, optical,
magnetic, and biological properties. Their high surface-
area-to-volume ratio and ability to undergo surface
modification make them particularly useful for
interactions with biological molecules and cells [1,2].
Nanoparticles can be engineered with different sizes,
shapes, compositions, surface charges, and functional
groups to achieve specific biological functions. They may

widely

interact with proteins, nucleic acids, cell membranes,
microorganisms, and tissues. These characteristics have
led to their application in drug delivery, molecular
imaging, diagnostics, gene delivery, antimicrobial therapy,
cancer treatment, and tissue engineering [1,3].

The development of nanobiotechnology has provided new
approaches for addressing limitations associated with
conventional therapeutic and diagnostic technologies.

[35]

poorly soluble drugs, provide controlled release, protect
nucleic acids from degradation, and facilitate delivery to
particular tissues or cells [2,4]. They can also act as
imaging probes and biosensing platforms because of their
optical, magnetic, electrical, and catalytic properties.
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Figure 01: Short flow chart showing applications of
nanoparticles in biology
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Types of Nanoparticles Used in Biology
Nanoparticles can be classified according to their
composition, morphology, and physicochemical
properties. The major types used in biological applications
include metallic nanoparticles, magnetic nanoparticles,
polymeric nanoparticles, lipid nanoparticles, quantum
dots, silica nanoparticles, and dendrimers.

Table 01: Major types of nanoparticles and their biological

applications
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Metallic Nanoparticles
Metallic nanoparticles, particularly gold and
nanoparticles, have been extensively investigated in
biological applications. Gold nanoparticles possess unique
optical
resonance. Their surfaces can also be easily functionalized
peptides, DNA, RNA,

silver

properties associated with surface plasmon

with antibodies, and other
biomolecules [5].

These properties make gold nanoparticles useful in
biosensing, molecular imaging, drug delivery, and cancer

therapy. Gold nanoparticles have been investigated for

[36]

photothermal therapy, in which absorbed light energy is
converted into heat that can damage tumor cells [5].

Silver nanoparticles are particularly well known for their
antimicrobial activity. They can interact with microbial
membranes and cellular components and may produce
reactive oxygen species and release silver ions. These
mechanisms can contribute to antibacterial and antifungal
effects [6]. Consequently, silver nanoparticles have been
studied for antimicrobial coatings, wound dressings,
medical devices, and other applications.

Magnetic Nanoparticles
Magnetic  nanoparticles,
nanoparticles, have important applications in biology and
medicine. Their response to an external magnetic field
allows them to be manipulated, separated, and localized.
Iron oxide nanoparticles have been investigated as
contrast agents for magnetic resonance imaging (MRI),
carriers for targeted drug delivery, and agents for
magnetic hyperthermia [7].

In magnetic hyperthermia, magnetic nanoparticles
generate heat when exposed to an alternating magnetic
field. This heat can potentially damage tumor cells and
may be combined with other therapeutic approaches.
Magnetic  nanoparticles  have
experimentally for cell separation and purification
because specific cells or biological molecules can be
attached to their surfaces and subsequently separated
using a magnetic field [7].

especially iron  oxide

also been used

Polymeric Nanoparticles

Polymeric nanoparticles are commonly prepared using
biodegradable polymers such as poly(lactic-co-glycolic
acid) (PLGA). They can encapsulate therapeutic
compounds and provide controlled or sustained drug
The polymer composition and particle
characteristics can be modified to regulate degradation
and drug-release rates [8].

One important advantage of polymeric nanoparticles is
their ability to protect therapeutic molecules from
degradation. They have therefore been investigated for
delivery of anticancer drugs, antibiotics, proteins,
peptides, and nucleic acids. Surface modification can
further improve their stability and interaction with target
cells [4,8].

release.

Lipid Nanoparticles

Lipid nanoparticles have become particularly important
for the delivery of nucleic acids. RNA molecules are
susceptible to enzymatic degradation and have difficulty
crossing Lipid nanoparticles
encapsulate RNA, protect it from degradation, and
facilitate cellular uptake [9].

The development of lipid nanoparticle systems for mRNA
delivery represented a major advance in nanomedicine.
Before 2022,
successfully developed as delivery systems for mRNA

cell membranes. can

lipid nanoparticles had already been
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vaccines, demonstrating their potential for clinical
applications [9,13].Lipid nanoparticles have also been
investigated for the delivery of small interfering RNA
(siRNA), messenger RNA, and other nucleic acids. Their
ability to transport genetic material into cells makes them
important tools for gene therapy, vaccination, and

molecular medicine [9].

Quantum Dots

Quantum dots are semiconductor nanocrystals with
unique optical properties. Their fluorescence depends on
particle size and composition, allowing their emission
characteristics to be adjusted. They are highly fluorescent
and relatively resistant to photobleaching, making them
useful biological labels [10].Quantum dots have been used
experimentally for cell labeling, imaging,
protein detection, and cellular tracking. Their ability to
produce different fluorescence signals can also facilitate
simultaneous detection of multiple biological targets.
However, potential toxicity associated with certain
quantum-dot compositions important
limitation for biomedical applications [10].

molecular

remains an

Silica Nanoparticles and Dendrimers

Silica nanoparticles possess high surface areas and tunable
pore structures. These characteristics allow them to
accommodate therapeutic molecules and other biological
agents. Mesoporous silica nanoparticles have therefore
been investigated for drug delivery and imaging
applications [11].

Dendrimers are highly branched nanoscale polymers with
numerous surface functional groups. These groups can be
modified with drugs, targeting molecules, imaging agents,
or nucleic acids. Their well-defined structure makes
dendrimers attractive carriers for drug and gene delivery
[12].

Applications in Drug Delivery

Drug delivery is one of the most important applications of
nanoparticles. Conventional drug administration can
result in poor solubility, rapid degradation,
circulation times, nonspecific distribution, and systemic
toxicity. Nanoparticles can overcome some of these
limitations by encapsulating drugs and modifying their
distribution and release [2,4].

A drug may be incorporated inside a nanoparticle,
attached to its surface, or chemically linked to the
nanoparticle. The nanoparticle can protect the drug and
provide controlled release. This approach may improve
therapeutic effectiveness and reduce exposure of healthy
tissues [4].

Nanoparticles can also be designed for targeted drug
delivery. Passive targeting depends on physiological
characteristics
targeting involves attaching molecules such as antibodies,
peptides, aptamers, or ligands to the nanoparticle surface

short

of diseased tissues, whereas active

[37]

[14]. These targeting strategies have been extensively
investigated in cancer therapy.

Applications in Gene and Nucleic Acid Delivery
Nucleic acids such as DNA, mRNA, and siRNA have
significant therapeutic potential. However, their clinical
use is limited by instability, degradation by nucleases,
poor cellular uptake, and difficulty crossing biological
membranes. Nanoparticles can provide protection and
facilitate intracellular delivery [9].

Lipid nanoparticles are among the most successful
systems for RNA delivery. They can encapsulate RNA and
facilitate its entry into cells. This technology has been used
in mRNA-based vaccines and has encouraged further

research into RNA-based treatments for infectious
diseases, cancer, and genetic disorders [9,13].
Polymeric nanoparticles, dendrimers, and other

nanocarriers have also been investigated for DNA and
siRNA delivery. Important challenges include efficient
cellular uptake, endosomal escape, tissue-specific delivery,
and minimizing unwanted immune responses.

Applications in Bioimaging

Nanoparticles have important applications in biological
imaging because they can generate optical, magnetic, or
other detectable signals. Quantum dots, for example, can
provide bright and stable fluorescence and have been used
to visualize cells and biomolecules [10].

Gold nanoparticles have optical properties that can be
exploited for imaging and detection [5]. Magnetic
nanoparticles are particularly useful in MRI because their
magnetic properties can modify the relaxation
characteristics of surrounding water molecules, thereby
improving image contrast [7].

Multifunctional nanoparticles can combine imaging agents
with therapeutic compounds. Such systems are referred to
as nanotheranostic platforms because they integrate
diagnostic and therapeutic functions [15].

Applications in Biosensing and Diagnostics
Nanoparticles are valuable components of biosensors
because of their large surface area and unique optical,
electrical, magnetic, and catalytic properties. Their
surfaces can be functionalized with antibodies, enzymes,
nucleic acids, aptamers, and other recognition molecules.
Gold nanoparticles have been used in colorimetric and
optical biosensors because their optical properties change
following particle aggregation or interaction with target
molecules [5]. Nanoparticle-based biosensors have been
investigated for detection of proteins, nucleic acids,
pathogens, enzymes, and other biomarkers.
Aptamer-functionalized nanoparticles have also been
studied for sensitive detection of biological targets.
Aptamers are short nucleic acid molecules capable of
selectively binding specific molecules
combined with nanoparticles to produce
diagnostic systems [16].

and can be
sensitive
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Applications in Cancer Therapy

Cancer is one of the major areas of nanomedicine research.
Nanoparticles can improve the delivery of anticancer
drugs and may help reduce systemic toxicity. They can
also be designed to carry multiple therapeutic agents or
combine therapy with imaging [17,18].

Nanoparticles may deliver chemotherapeutic drugs
directly or preferentially to tumors. Surface modification
with targeting ligands can facilitate interaction with
tumor-associated receptors. In addition, nanoparticles can
be engineered to respond to characteristics of the tumor
microenvironment, including pH, enzymes, temperature,
and redox conditions [15,17].

Gold nanoparticles have been investigated for
photothermal therapy, whereas magnetic nanoparticles
can be wused for magnetic hyperthermia [5,7].

Nanoparticles can also be used to deliver nucleic acids and
immune-modulating molecules, creating opportunities for
combination cancer therapies [17,18].

Antimicrobial Applications

The increasing prevalence of antimicrobial resistance has
stimulated interest in alternative antimicrobial strategies.
Nanoparticles  possess  several mechanisms  of
antimicrobial activity and have therefore been
investigated against bacteria and fungi.

Silver nanoparticles are among the most extensively
studied antimicrobial nanoparticles. Their activity may
involve membrane damage, oxidative stress, interaction
with proteins and nucleic acids, and release of silver ions
[6].

Other nanoparticles, including =zinc oxide,
dioxide, copper oxide, and gold nanoparticles, have also

titanium

demonstrated  antimicrobial = properties.  Potential
applications include antimicrobial coatings, wound
dressings, medical devices, and infection-control
materials.

However, antimicrobial effectiveness must be balanced
against toxicity toward human cells. Factors such as
nanoparticle size, concentration, surface chemistry, and
exposure time can influence both antimicrobial activity
and biological safety.
Applications in Tissue and
Regenerative Medicine

Nanoparticles have also been investigated in tissue
engineering and regenerative medicine. They can be
incorporated into scaffolds or used as carriers for growth
factors, proteins, genes, and drugs.

Nanostructured materials may provide physical and

Engineering

biochemical characteristics that influence cell attachment,
proliferation, migration, and differentiation. Nanoparticles
can also provide additional functions such as antimicrobial
activity or controlled release of bioactive molecules.

For example, polymeric nanoparticles can be incorporated
into biomaterial scaffolds to provide sustained release of
therapeutic molecules. Such systems may be useful in

(38]

bone, cartilage, skin,

applications.

and other tissue-regeneration

Applications in Molecular and Cellular Biology
Nanoparticles have become useful research tools for
studying molecular and cellular processes. Fluorescent
nanoparticles can label cells, proteins, and intracellular
structures, while magnetic nanoparticles can facilitate
separation and manipulation of cells and biomolecules
[7,10].

Nanoparticles can also be functionalized with specific
biological molecules, allowing selective interactions with
cellular receptors. This makes them useful for studying
cellular uptake, receptor expression,
trafficking, and molecular interactions.
Their ability to transport biological molecules into cells
has further expanded their use in experimental gene
regulation and molecular biology.

intracellular

Toxicity and Biosafety

Despite their considerable potential, nanoparticles may
produce biological that depend on their
physicochemical properties. Size, shape, surface charge,
composition, aggregation, dose, route of administration,
and exposure duration can all influence nanoparticle
toxicity [2,19].

Following administration, nanoparticles interact with
proteins and other biomolecules, producing a dynamic
layer known as the protein corona. This protein layer can
alter nanoparticle stability, cellular uptake,
biodistribution, and biological activity [19].

Potential adverse effects include oxidative stress,
inflammation, membrane damage, genotoxicity,
immune responses. Some nanoparticles may accumulate
in organs such as the liver and spleen. Therefore,
comprehensive toxicity, metabolism,
clearance, and long-term biological effects is essential
before clinical application [2,19].

effects

and

evaluation of

Challenges and Future Perspectives

Several challenges must be addressed before the full
potential of nanoparticles can be realized. One major
challenge is the difference between nanoparticle behavior
in laboratory models and in humans. Biological barriers,
immune responses, protein corona formation, and tissue
heterogeneity can influence nanoparticle performance
[19].

Another challenge 1is the reproducible large-scale
manufacture of nanoparticles. Small variations in size,
surface chemistry, composition, or drug loading may alter
their biological Therefore,
manufacturing and characterization methods are essential.
Targeted delivery also remains challenging. Although
nanoparticles can be functionalized with targeting ligands,
biological systems may prevent nanoparticles
reaching their intended targets efficiently. Nonspecific
uptake by the mononuclear phagocyte system and

behavior. standardized

from
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interactions with serum proteins can reduce targeting
efficiency [14,19].

Future research is expected to focus on biodegradable
nanoparticles, precision drug-delivery systems, stimuli-
responsive nanoparticles,
nanotheranostics, and improved nucleic-acid delivery.
Advances in computational modelling and artificial
intelligence may also contribute to the design and
optimization of nanoparticles.

multifunctional

Conclusion
Nanoparticles have become important tools in modern
biology and medicine because their unique

physicochemical properties can be tailored for specific
biological applications. They have been investigated for
drug delivery, gene delivery, bioimaging, biosensing,

cancer therapy, antimicrobial treatment, tissue
engineering, and molecular biology. Different nanoparticle
systems provide different advantages. Metallic
nanoparticles are particularly useful for optical,

antimicrobial, and photothermal applications; magnetic
nanoparticles are valuable for imaging and magnetic
manipulation; polymeric nanoparticles provide controlled
drug delivery; lipid nanoparticles are highly effective for
nucleic-acid delivery; and quantum dots provide powerful
probes.  Although  nanoparticle-based
technologies have demonstrated considerable potential,
related to toxicity, biodistribution,
responses, targeting, stability, and manufacturing remain
important. Continued interdisciplinary research will be
necessary to improve nanoparticle safety and efficacy and
to translate promising laboratory technologies into
reliable clinical and biological applications.

fluorescent

issues immune
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