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I N F O A B S T R A C T

Biomedical nanoscience is a transformative field at the intersection 
of nanotechnology and biomedical sciences, offering innovative 
approaches to diagnosis, treatment, and regenerative medicine. This 
review explores recent advancements in nanoparticle-based drug 
delivery systems, nanoscale diagnostics, and the use of nanomaterials 
in regenerative medicine. It highlights the diverse types of nanoparticles 
such as liposomes, polymeric nanoparticles, metallic nanoparticles, 
and dendrimers, each tailored for specific therapeutic applications 
including cancer therapy, cardiovascular diseases, and infectious 
diseases. The review also delves into the cutting-edge development 
of nano biosensors and point-of-care diagnostics that utilize quantum 
dots, gold nanoparticles, and carbon nanotubes to enhance sensitivity 
and specificity. Furthermore, it examines the role of nanofibers 
and scaffolds in tissue engineering and stem cell engineering for 
regenerative medicine. Despite the promising advancements, the 
review underscores the importance of addressing challenges related 
to toxicity, biocompatibility, and regulatory approval to fully realize the 
potential of nanomedicine in clinical settings.
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Introduction
Biomedical nanoscience is a rapidly evolving field that 
integrates nanotechnology with biomedical sciences to develop 
novel diagnostic and therapeutic tools. Nanotechnology, 
defined by the manipulation and application of materials 
at the nanometer scale, has opened up new avenues in 
medicine due to the unique properties exhibited by materials 
at this scale. These properties include increased surface 
area, enhanced reactivity, and the ability to interact with 
biological systems at the molecular level. Such characteristics 
make nanomaterials ideal candidates for a variety of medical 
applications, including targeted drug delivery, advanced 
diagnostic techniques, and regenerative medicine.1, 2

The advent of nanotechnology has revolutionized the way 
we approach disease treatment and diagnosis. Traditional 

therapies often face challenges such as non-specific 
distribution, low therapeutic indices, and significant side 
effects. Nanoparticle-based drug delivery systems can 
overcome these limitations by enhancing the bioavailability 
and stability of therapeutic agents, enabling controlled 
and sustained release, and allowing for targeted delivery 
to specific cells or tissues. This targeted approach not 
only maximizes therapeutic efficacy but also minimizes 
adverse effects, representing a significant advancement 
over conventional therapies.3, 4

Similarly, nanoscale diagnostics have greatly improved 
the sensitivity and specificity of disease detection. 
Nanobiosensors and nanoparticle-enhanced imaging 
techniques can detect biomarkers at extremely low 
concentrations, facilitating early diagnosis and monitoring 
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of diseases. This is particularly critical in oncology, where 
early detection can significantly improve patient outcomes.

In regenerative medicine, nanomaterials are employed to 
create scaffolds that mimic the natural extracellular matrix, 
promoting cell growth and tissue repair. Nanotechnology 
also plays a crucial role in stem cell engineering, where 
it aids in the precise control of stem cell behavior and 
differentiation. These applications highlight the potential 
of nanomaterials to revolutionize tissue engineering and 
regenerative therapies.

This review highlights recent advancements in biomedical 
nanoscience, focusing on three key areas: nanoparticle-
based drug delivery systems, nanoscale diagnostics, and 
nanomaterials for regenerative medicine. By examining 
these cutting-edge developments, we aim to provide a 
comprehensive overview of the current state of the field and 
discuss the future directions and challenges in translating 
these technologies from the laboratory to clinical practice.5

Nanoparticle-Based Drug Delivery Systems
Nanoparticle-based drug delivery systems represent a 
major advancement in the field of nanomedicine, offering 
significant improvements in the efficacy and safety of 
therapeutic agents. By utilizing the unique properties of 
nanoparticles, these systems can enhance drug solubility, 
stability, and bioavailability, while enabling controlled and 
targeted delivery to specific cells or tissues. This section 
explores the various types of nanoparticles employed in 
drug delivery, their mechanisms of action, and their clinical 
applications.

Types of Nanoparticles

Liposomes: Spherical vesicles with a lipid bilayer, liposomes 
are widely used in drug delivery due to their biocompatibility 
and ability to encapsulate both hydrophilic and hydrophobic 
drugs. Recent advances include PEGylation to improve 
circulation time and targeted delivery using ligands such 
as antibodies and peptides.6

•	 Structure and Composition: Liposomes are spherical 
vesicles with a lipid bilayer that can encapsulate both 
hydrophilic and hydrophobic drugs. Their composition 
typically includes phospholipids and cholesterol, which 
confer stability and biocompatibility.

•	 Advantages: Liposomes improve drug solubility, protect 
drugs from degradation, and reduce toxicity. PEGylation 
(attachment of polyethylene glycol chains) is often used 
to prolong circulation time by reducing recognition and 
clearance by the immune system.

•	 Targeted Delivery: Functionalization with ligands such 
as antibodies, peptides, or small molecules enables 
targeted delivery to specific cell types. For example, 
liposomes conjugated with folic acid can target cancer 
cells overexpressing folate receptors.

Polymeric Nanoparticles: These nanoparticles are made 
from biodegradable polymers like PLGA (polylactic-co-
glycolic acid). They offer controlled and sustained drug 
release, making them suitable for long-term treatments. 
Innovations include stimuli-responsive nanoparticles that 
release drugs in response to changes in pH, temperature, 
or enzyme presence.7

•	 Materials: These nanoparticles are composed 
of biodegradable polymers like PLGA (polylactic-
co-glycolic acid), polylactic acid (PLA), and 
polycaprolactone (PCL).

•	 Controlled Release: Polymeric nanoparticles provide 
controlled and sustained drug release, making them 
suitable for long-term treatments. They can be 
engineered to respond to specific stimuli (e.g., pH, 
temperature, enzymes) for triggered drug release.

•	 Applications: They are used in cancer therapy, 
cardiovascular disease treatment, and delivery of 
biologics like proteins and nucleic acids.

Metallic Nanoparticles: Gold and silver nanoparticles are 
extensively researched for their unique optical properties 
and ease of functionalization. Gold nanoparticles, in 
particular, are used for photothermal therapy, where they 
convert light into heat to kill cancer cells.

•	 Gold Nanoparticles: Gold nanoparticles (AuNPs) 
are notable for their unique optical and electronic 
properties. They are easily functionalized with 
various molecules and used in photothermal therapy, 
where they convert light into heat to destroy cancer 
cells.

•	 Silver Nanoparticles: Known for their antimicrobial 
properties, silver nanoparticles are explored for their 
use in treating infections and as coatings for medical 
devices to prevent bacterial colonization.8

Dendrimers: These highly branched, tree-like polymers 
have a high degree of surface functionality, allowing for 
the attachment of multiple drug molecules and targeting 
ligands. They offer precise control over drug release and 
distribution.

•	 Structure: Dendrimers are highly branched, tree-like 
polymers with a central core, internal branches, and 
numerous surface functional groups. This structure 
provides a high degree of functionality for drug 
conjugation.

•	 Advantages: They allow precise control over drug 
loading and release kinetics. Surface modification 
with targeting ligands enables specific interaction with 
target cells.

•	 Applications: Dendrimers are used for drug delivery, 
gene therapy, and diagnostic imaging.
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Mechanisms of Targeted Drug Delivery
Targeted drug delivery aims to deliver therapeutic agents 
specifically to diseased cells while sparing healthy tissues, 
thereby minimizing side effects and improving therapeutic 
outcomes. This is achieved through:

•	 Active Targeting: Involves functionalizing nanoparticles 
with ligands (e.g., antibodies, peptides, aptamers) that 
bind to specific receptors overexpressed on target cells. 
Examples include HER2-targeted nanoparticles for 
breast cancer and transferrin-modified nanoparticles 
for brain tumors.

•	 Passive Targeting: Relies on the enhanced permeability 
and retention (EPR) effect, where nanoparticles 
accumulate in tumor tissues due to leaky vasculature 
and impaired lymphatic drainage commonly found in 
tumors.9, 10

Clinical Applications
1.	 Cancer Therapy:
	 •	� Liposomal Formulations: Liposomal doxorubicin 

(Doxil) and liposomal paclitaxel (Abraxane) are FDA-
approved for cancer treatment, offering improved 
pharmacokinetics and reduced toxicity compared 
to free drugs.

	 •	� Polymeric Nanoparticles: Nanoparticles loaded 
with chemotherapeutic agents like paclitaxel, 
docetaxel, and doxorubicin are under clinical 
investigation for their ability to overcome multidrug 
resistance and enhance therapeutic efficacy.

2.	 Cardiovascular Diseases:
	 •	� Anti-Inflammatory Agents: Polymeric nanoparticles 

delivering anti-inflammatory drugs target 
atherosclerotic plaques, aiming to reduce 
inflammation and stabilize plaques.

	 •	� siRNA Delivery: Nanoparticles encapsulating siRNA 
are being studied for their potential to silence 
genes involved in cholesterol metabolism and 
plaque formation.

3.	 Infectious Diseases:
	 •	� Antimicrobial Nanoparticles: Silver nanoparticles 

exhibit broad-spectrum antibacterial activity and 
are explored for use in wound dressings, coatings 
for medical devices, and as antimicrobial agents 
in infections resistant to conventional antibiotics.

	 •	� Vaccine Delivery: Nanoparticles are used to deliver 
antigens and adjuvants in vaccine formulations, 
enhancing immune response and offering potential 
for needle-free vaccination.11, 12

Nanoscale Diagnostics

Nanoscale diagnostics leverage the unique properties 
of nanomaterials to detect diseases with high sensitivity 

and specificity, often at an earlier stage than conventional 
diagnostic methods. These advanced diagnostic tools 
have the potential to revolutionize medical diagnostics by 
enabling rapid, accurate, and minimally invasive detection 
of biomarkers. This section delves into the different types 
of nanobiosensors, their applications in point-of-care 
diagnostics, and the innovative techniques employed for 
disease detection.

Nanobiosensors

Nanobiosensors utilize the distinct optical, electrical, and 
magnetic properties of nanomaterials to detect biological 
molecules. Key types include:

1.	 Quantum Dots: Semiconductor nanoparticles that 
emit fluorescence when excited by light. They are 
used for imaging and tracking biological processes at 
the cellular level.

	 •	� Properties: Quantum dots are semiconductor 
nanoparticles that exhibit size-dependent 
fluorescence emission. When excited by light, 
they emit bright, stable, and tunable fluorescence, 
making them excellent for imaging applications.

	 •	� Applications: QDs are used in multiplexed bioassays 
to simultaneously detect multiple biomarkers. They 
are also employed in live-cell imaging to track the 
dynamics of biological processes at the molecular 
level.

2.	 Gold Nanoparticles: These nanoparticles exhibit 
localized surface plasmon resonance (LSPR), making 
them ideal for biosensing applications. Changes in the 
local refractive index near the nanoparticle surface 
can be detected with high sensitivity, allowing for the 
detection of low concentrations of biomolecules.

	 •	� Localized Surface Plasmon Resonance (LSPR): Gold 
nanoparticles exhibit LSPR, a phenomenon where 
conduction electrons on the nanoparticle surface 
resonate with incident light, producing a strong 
enhancement of the electromagnetic field at the 
nanoparticle surface. This property is harnessed 
for highly sensitive detection of biomolecules.

	 •	� Applications: AuNPs are used in colorimetric assays, 
where the aggregation of nanoparticles induces a 
color change detectable by the naked eye. They are 
also used in surface-enhanced Raman spectroscopy 
(SERS) for ultra-sensitive molecular detection.

3.	 Carbon Nanotubes: These cylindrical nanostructures 
have excellent electrical conductivity and are used in 
electrochemical sensors to detect glucose, DNA, and 
proteins.

	 •	� Properties: Carbon nanotubes are cylindrical 
nanostructures with exceptional electrical 
conductivity and surface area. They can be 
functionalized with biomolecules to create highly 
sensitive electrochemical sensors.
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	 •	� Applications: CNT-based sensors are used to detect 
glucose levels in diabetic patients, DNA sequences 
in genetic testing, and protein biomarkers in 
various diseases.13, 14

Point-of-Care Diagnostics

Nanotechnology has enabled the development of portable, 
rapid diagnostic devices for use at the point of care. Lateral 
flow assays (LFAs), commonly used for pregnancy tests, have 
been enhanced with nanoparticles to improve sensitivity 
and quantification. Recent innovations include paper-based 
microfluidic devices incorporating gold nanoparticles for the 
detection of infectious diseases like COVID-19 and malaria.

1.	 Lateral Flow Assays (LFAs):
	 o	� Enhanced Sensitivity: Traditional LFAs, such 

as pregnancy tests, have been improved with 
the incorporation of nanoparticles like gold and 
latex beads. These enhancements increase the 
sensitivity and enable semi-quantitative analysis.

	 o	� Applications: LFAs are widely used for detecting 
infectious diseases (e.g., COVID-19, malaria, and 
HIV). They provide rapid results, are easy to use, 
and require no specialized equipment.

2.	 Paper-Based Microfluidic Devices:
	 o	� Design: These devices use patterned paper to 

control the flow of fluids, integrating multiple 
diagnostic functions onto a single platform. 
Nanoparticles enhance the detection sensitivity 
of these assays.

	 o	� Applications: Paper-based microfluidic devices 
are employed for detecting biomarkers in blood, 
urine, and saliva. They are used in the diagnosis of 
infectious diseases, monitoring chronic conditions, 
and environmental testing.

3.	 Lab-on-a-Chip (LOC) Systems:
	 o	� Integration: LOC systems integrate various 

laboratory functions (e.g., sample preparation, 
mixing, reaction, and detection) onto a single 
chip. Nanomaterials enhance the sensitivity and 
functionality of these systems.

	 o	� Applications: LOC devices are used for genetic 
testing, cancer biomarker detection, and pathogen 
identification. They offer rapid, multiplexed analysis 
with minimal sample requirements.

Innovative Techniques for Disease Detection

1.	 Surface-Enhanced Raman Spectroscopy (SERS):
	 o	� Principle: SERS enhances the Raman scattering 

signal of molecules adsorbed on nanostructured 
metal surfaces (e.g., gold or silver). This 
enhancement allows for the detection of single 
molecules and low-abundance biomarkers.

	 o	� Applications: SERS is used in cancer diagnostics 
to detect tumor markers, in infectious disease 

detection to identify pathogens, and in 
environmental monitoring to trace pollutants.

2.	 Magnetic Nanoparticles:
	 o	� Properties: Magnetic nanoparticles can be 

manipulated using external magnetic fields and 
have been functionalized for specific binding to 
target molecules.

	 o	� Applications: They are used in magnetic 
resonance imaging (MRI) for enhanced contrast, 
in magnetic separation assays to isolate specific 
cells or biomolecules, and in immunoassays for 
the detection of low-abundance targets.

3.	 Nanoscale Fluorescence Resonance Energy Transfer 
(FRET):

	 o	� Principle: FRET is a distance-dependent interaction 
between two light-sensitive molecules, a donor 
and an acceptor. When in close proximity, energy 
transfer occurs from the donor to the acceptor, 
altering the fluorescence emission.

	 o	� Applications: Nanoscale FRET assays are used for 
detecting protein-protein interactions, nucleic acid 
hybridization, and enzymatic activity. They enable 
real-time monitoring of molecular events in live 
cells.

Nanomaterials for Regenerative Medicine

Nanomaterials have emerged as pivotal components in 
regenerative medicine, providing innovative solutions for 
tissue engineering and the repair of damaged tissues. These 
materials, which operate at the same scale as biological 
molecules, can mimic the natural extracellular matrix (ECM), 
enhance cell adhesion, proliferation, and differentiation, 
and deliver bioactive molecules in a controlled manner. 
This section explores the use of nanofibers, scaffolds, and 
nanoparticles in regenerative medicine, highlighting their 
applications in bone regeneration, skin wound healing, and 
stem cell engineering.

Nanofibers and Scaffolds

Nanofibrous scaffolds mimic the extracellular matrix, 
providing a conducive environment for cell growth and 
tissue regeneration. Electrospinning techniques produce 
nanofibers from biocompatible polymers, creating scaffolds 
with high porosity and surface area. Applications include:

Bone Regeneration: Nanofibers loaded with growth factors 
and osteogenic agents promote the differentiation of stem 
cells into bone-forming cells. Composite scaffolds combining 
nanofibers with hydroxyapatite enhance bone regeneration.

•	 Nanofiber Scaffolds: Scaffolds made from nanofibers 
can be loaded with osteoinductive agents such as 
bone morphogenetic proteins (BMPs) to enhance 
bone regeneration. These scaffolds provide a 3D 
environment that supports the adhesion, proliferation, 
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and differentiation of osteoblasts (bone-forming 
cells).

•	 Composite Scaffolds: Combining nanofibers with 
inorganic materials like hydroxyapatite (HA) or bioactive 
glass creates composite scaffolds that mimic the 
mineralized matrix of bone, enhancing mechanical 
strength and promoting bone tissue formation.

•	 Skin Wound Healing: Nanofiber dressings deliver 
antimicrobial agents and growth factors to accelerate 
wound healing. They also provide a moist environment 
and protect the wound from infection.

•	 Nanofiber Dressings: Electrospun nanofiber dressings 
provide a moist environment that promotes wound 
healing and protects the wound from infection. These 
dressings can be loaded with antimicrobial agents, 
growth factors, and other bioactive molecules to 
accelerate the healing process.

•	 Drug Delivery: Nanofiber dressings can deliver 
therapeutic agents in a controlled manner, enhancing 
their efficacy. For instance, dressings loaded with 
antibiotics or anti-inflammatory drugs can reduce 
infection and inflammation at the wound site.15, 16

Stem Cell Engineering

Nanomaterials are used to manipulate stem cell behavior and 
enhance their therapeutic potential. Magnetic nanoparticles, 
for instance, can be used to guide stem cells to injury sites 
under an external magnetic field. Nanoparticles can also 
deliver genes and growth factors to stem cells, promoting 
their differentiation into desired cell types.

1.	 Magnetic Nanoparticles:
	 o	� Guidance and Targeting: Magnetic nanoparticles 

can be used to guide stem cells to injury sites under 
the influence of an external magnetic field. This 
targeted delivery ensures that stem cells reach 
the damaged tissue, enhancing the efficacy of 
regenerative therapies.

	 o	� Cell Tracking: Magnetic nanoparticles can also 
be used to label and track stem cells in vivo using 
magnetic resonance imaging (MRI), allowing for 
non-invasive monitoring of cell migration and 
differentiation.

2.	 Nanoparticle-Mediated Gene Delivery:
	 o	� Gene Editing: Nanoparticles can deliver genes 

or gene-editing tools (e.g., CRISPR/Cas9) to stem 
cells, enabling the correction of genetic defects or 
the enhancement of regenerative capabilities. For 
example, nanoparticles carrying genes encoding for 
growth factors can promote stem cell differentiation 
into specific cell types.

	 o	� Non-Viral Vectors: Unlike viral vectors, nanoparticle-
based gene delivery systems are non-immunogenic 
and can be repeatedly administered without 

eliciting an immune response. This makes them 
safer and more versatile for clinical applications.

3.	 Nanoparticle-Enhanced Differentiation:
	 o	� Growth Factor Delivery: Nanoparticles can be 

engineered to release growth factors in a controlled 
manner, providing sustained signals that drive stem 
cell differentiation. For example, nanoparticles 
releasing vascular endothelial growth factor (VEGF) 
can promote the differentiation of stem cells 
into endothelial cells, enhancing angiogenesis in 
ischemic tissues.

	 o	� Mechanical Cues: Nanoparticles can also mimic 
the mechanical properties of the ECM, providing 
physical cues that influence stem cell behavior. 
For instance, nanoparticles with specific stiffness 
can promote the differentiation of stem cells into 
osteoblasts or chondrocytes for bone and cartilage 
repair, respectively.

Clinical Applications and Future Directions

Nanomaterials in regenerative medicine hold promise for 
a wide range of clinical applications:

1.	 Orthopedic Applications: Nanomaterial-based scaffolds 
and drug delivery systems are being developed to 
treat bone defects, fractures, and osteoarthritis. These 
systems can enhance bone regeneration, reduce 
inflammation, and deliver therapeutic agents directly 
to the affected area.

2.	 Cardiovascular Repair: Nanoparticles are used to deliver 
drugs and growth factors to damaged heart tissue 
following a myocardial infarction. Nanofiber scaffolds 
can also be used to engineer cardiac patches that 
support the regeneration of heart tissue.

3.	 Neural Regeneration: Nanomaterials are being explored 
for their ability to promote nerve regeneration and 
repair spinal cord injuries. Conductive nanomaterials, 
such as carbon nanotubes and graphene, can enhance 
neuronal growth and function by providing electrical 
stimulation.

4.	 Skin and Wound Healing: Advanced wound dressings 
made from nanofibers can accelerate the healing of 
chronic wounds, such as diabetic ulcers, by providing 
a conducive environment for tissue regeneration and 
delivering therapeutic agents.17, 18

Conclusion
Biomedical nanoscience is revolutionizing the field of 
medicine by providing innovative solutions for drug delivery, 
diagnostics, and regenerative medicine. Continued research 
and development in this field hold the promise of more 
effective and personalized treatments, improved patient 
outcomes, and new frontiers in medical science. As the 
technology progresses, addressing challenges such as 
toxicity, biocompatibility, and regulatory hurdles will be 
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crucial for the successful translation of nanomedicine from 
the laboratory to clinical practice.
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