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ABSTRACT

This comprehensive review explores the world of
nanoparticles, ranging from their synthesis methods to
multifaceted applications in biomedicine and beyond.
Covering diverse topics, the document delves into the
historical development, preparation techniques, and
characterization of nanoparticles. It elaborates on the
pivotal role of nanoparticles in drug delivery systems,
emphasizing their ability to encapsulate, conjugate, and
transcytose drugs across the blood-brain barrier, leading to
enhanced therapeutic outcomes. The document navigates
through the applications of various types of nanoparticles,
including polymeric, lipid-based, semiconductor, and
carbon-based nanoparticles, in treating neurodegenerative
diseases, cancer, and infectious ailments. Additionally, it
highlights the groundbreaking uses of nano ceramics,
particularly in bone repair and potential applications in
energy, communication, and defence technologies. This
review underscores the significant impact of nanoparticles
on pharmaceuticals, manifesting in enhanced stability,
specificity, and controlled drug release. From scratchproof
eyeglasses to gene therapy, nanoparticles are reshaping
diverse fields, promising a future marked by innovative

solutions and groundbreaking advancements.
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1. INTRODUCTION
1.1 Historical development of nanoparticles

Nanoparticles have been an area of intense research over the past few decades due to their
unique size-dependent properties and wide range of potential applications. While the term
"nanoparticle” is relatively new, the use of nanomaterials can be traced back centuries. One
of the earliest documented uses of nanoparticles was in stained glass windows dating back to
the Middle Ages in Europe. Metallic nanoparticles were responsible for the vivid colors in
these windows through their interaction with light. In the 1850s, Michael Faraday first
described the optical properties of gold colloids, laying the foundation for nanoscience [1].
However, it was not until the mid-20th century that the field began attracting serious
scientific attention. Advances in electron microscopy in the 1950s enabled scientists to
visualize materials at the nanoscale and discover new phenomena [2]. Around this time,
researchers also began deliberately synthesizing nanoparticles through various "top-down"
and "bottom-up™ approaches. The 1980s saw breakthroughs that propelled the
nanotechnology revolution. In particular, the development of the scanning tunneling
microscope in 1981 allowed visualization of individual atoms and molecules, enabling
structure determination and manipulation at the atomic scale [3]. This set the stage for rapid
progress in the controlled synthesis and characterization of nanoparticles. Ever since,
nanoparticles have emerged as one of the most active interdisciplinary research areas due to
their wide range of potential applications. The goal of this review is to provide a
comprehensive overview of nanoparticles with a focus on their synthesis, biomedical

applications, and prospects.
1.2 Motivation and scope of the review

The field of nanoparticles has grown tremendously over the past few decades due to their
unique properties and versatility. Nanoparticles exhibit size- and shape-dependent optical,
electronic and magnetic behaviors unlike their bulk counterparts [4]. This has enabled their
application across diverse areas including biomedicine, energy, electronics and more. Within
biomedicine, nanoparticles have revolutionized drug delivery, diagnostics and regenerative
medicine [5]. They allow targeted transportation and controlled release of therapeutic
payloads. In other fields, nanoparticles are finding uses in areas as diverse as water treatment,
energy storage, and defense technologies [6]. Despite extensive research, many opportunities

and challenges remain for nanoparticles. The goal of this review is to provide a
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comprehensive overview of the state-of-the-art in nanoparticle synthesis, characterization,
and applications. A special emphasis will be placed on biomedical uses as well as emerging
frontiers. Both organic and inorganic nanoparticles will be surveyed. By discussing historical
developments, current advances and prospects, this review aims to serve as a useful resource

for scientists across disciplines working in the field of nanoparticles.
2. Synthesis of Nanoparticles
2.1 Top-down and bottom-up approaches

The ability to precisely engineer nanoparticles with control over their size, shape,
composition, and structure is crucial to unlocking their full potential. There are two major

approaches for synthesizing nanoparticles:

Top-down approaches: These involve breaking down bulk materials into smaller structures.
Methods such as lithography, etching and milling are used to sculpt nanostructures out of
larger substrates [7]. While top-down approaches allow precise control, they are limited by
the need for sophisticated and costly equipment. Bottom-up approaches: In contrast, bottom-
up synthesis involves assembling nanoparticles using individual atoms or molecules as
building blocks. Common bottom-up methods include chemical precipitation,
hydrothermal/solvothermal synthesis, sol-gel processing, microemulsions and biomimetic
routes [8]. These wet chemical techniques are scalable and versatile but size/shape control
can sometimes be challenging. The choice of synthetic methodology depends on the desired
nanoparticle properties, scale of production, and material. Both top-down and bottom-up
approaches have advantages and limitations. An ideal synthesis would leverage the strengths
of multiple techniques to precisely engineer nanoparticles for applications. The following
section discusses some widely used bottom-up methods in greater detail.

2.2 Common synthesis methods (e.g. precipitation, sol-gel, hydrothermal)

Precipitation: Precipitation is one of the most straightforward and scalable methods. It
involves rapidly mixing reagents such as metal salts and reducing/capping agents. The metal
ions are reduced to nucleate as nanoparticles. For example, zinc sulfide quantum dots can be
prepared via precipitation of zinc and sulfur precursors in aqueous solution. [9] Sol-gel: The
sol-gel process involves hydrolysis and condensation reactions of metal alkoxides or salts to
form an interconnected inorganic network. It is often used to synthesize metal oxide and

hybrid organic-inorganic nanoparticles. Adjusting water content and pH allows control over
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particle size and morphology.[10] Hydrothermal/solvothermal: These methods use high
temperature/pressure aqueous or non-aqueous solvents to promote crystallization. Precursors
are sealed in an autoclave and heated to synthesize crystals. Hydrothermal synthesis is
commonly used for semiconductors like CdS and metal chalcogenides.[11] Microemulsions:
Reverse micelles in microemulsions provide confined nanoreactors for particle nucleation
and growth. They enable the synthesis of nanoparticles with low polydispersity across diverse
compositions.[12] The choice of method depends on the material, desired properties, and
scale of production. Combining approaches may provide better control over nanoparticle

attributes.
2.3 Characterization techniques

Effective characterization of nanoparticles is important to understand structure-property

relationships. Common techniques used include:

Transmission Electron Microscopy (TEM): TEM allows direct visualization of nanoparticles
down to atomic resolution. It provides information on particle size, shape, crystallinity and
lattice spacing.[13] Scanning Electron Microscopy (SEM): SEM uses a focused beam of
electrons to produce images of sample surfaces. It can be used to study particle morphology
and dispersion on a larger scale than TEM.[14] X-Ray Diffraction (XRD): XRD analysis of
crystalline nanoparticle powders provides information on phase composition and crystal
structure by matching diffraction patterns to standards.[15] Dynamic Light Scattering (DLS):
DLS measures fluctuations in scattered light to determine hydrodynamic size and size
distribution of particles in solution.[16] Fourier Transform Infrared Spectroscopy (FTIR):
FTIR identifies organic and inorganic functional groups on nanoparticle surfaces or in
composite materials.[17] Thermogravimetric Analysis (TGA): TGA monitors the mass
change of a sample as a function of temperature, providing information on thermal stability
and composition.[18] Ultraviolet-Visible Spectroscopy (UV-Vis): The optical absorption
properties of some nanoparticles are size-dependent, allowing UV-Vis to estimate particle
size and concentration.[19] Combining multiple techniques provides a comprehensive

characterization of nanoparticle physicochemical properties important for applications.
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3. Nanoparticles for Biomedical Applications
3.1 Drug delivery

Nanoparticles have emerged as a promising drug delivery platform due to their ability to
encapsulate, protect, and transport therapeutic and imaging agents in the body. Their tunable
size allows the targeting of drugs to specific tissues and cells. Some key advantages of

nanoparticles for drug delivery include:

Encapsulation and protection: Nanoparticles can stably encapsulate both hydrophilic and
hydrophobic drugs, protecting them from degradation before release at the target site.[20]
Targeted delivery: Surface functionalization enables active or passive targeting of
nanoparticles to tumors or other diseased tissues via the enhanced permeability and retention
effect or receptor-mediated mechanisms.[21] Controlled release: Drug release kinetics from
nanoparticles can be tailored through the choice of materials and design. Both rapid burst
release and sustained release over days/weeks can be achieved.[22] The following sections
will discuss common nanoparticle types used for drug delivery and their applications in

cancer therapy, treatment of neurodegenerative diseases, and other areas.
3.2 Encapsulation, conjugation, targeting.

Encapsulation: Drugs can be encapsulated within or absorbed onto nanoparticles via physical
or chemical methods. For example, hydrophobic drugs can be encapsulated in the core of
polymeric nanoparticles through oil-in-water emulsion techniques.[23] Conjugation: Drugs
can also be conjugated to the surface of nanoparticles through reactive functional groups like
carboxyl, amine, or PEG chains. This allows stable attachment of both hydrophilic and
hydrophobic therapeutics.[24] Targeting: Ligands like antibodies, peptides, aptamers, etc. can
be conjugated to enable active targeting. For example, HER2 antibodies on polymeric
nanoparticles target the delivery of anticancer drugs to HER2-positive breast tumours [25]
Passive targeting utilizes the enhanced permeability and retention effect to accumulate
nanoparticles at tumor sites. Together, encapsulation, conjugation and targeting allow
nanoparticles to protect cargos, improve pharmacokinetics, and precisely deliver drugs. This

enhances therapeutic efficacy while reducing side effects.
3.3 Applications for cancer, neurodegenerative diseases

Cancer: Doxorubicin-loaded liposomes (Doxil®) reduce cardio-toxicity of doxorubicin when
treating Kaposi's sarcoma. [26] Paclitaxel nanoparticles increase drug concentration at
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tumour sites and are FDA-approved for breast and lung cancers. [27] Iron oxide nanoparticles

guide radiation dose precisely to tumors using magnetic targeting.[28]

Neurodegenerative diseases: Curcumin nanoparticles cross the blood-brain barrier and show
promise for treating Alzheimer's disease.[29] Solid lipid nanoparticles of dopamine agonists
may provide controlled delivery for Parkinson's disease.[30] Superparamagnetic iron oxide
nanoparticles are being developed for non-invasive imaging of brain tumors.[31] The ability
to transport drugs across biological barriers and precisely target diseased cells/tissues gives
nanoparticles advantages over conventional formulations. This enhances therapeutic

outcomes for major diseases.
3.4 Imaging

Magnetic resonance imaging: Superparamagnetic iron oxide nanoparticles (SPIONSs) are the
most widely used MRI contrast agents due to their strong T2 effects.[32] Coated with dextran
or polymers, SPIONs enhance the contrast of lymph nodes, liver and spleen. SPIONSs can
also be functionalized with targeting ligands like antibodies for molecular imaging of
cancers.[33] Their high magnetization makes them suitable for active targeting and magnetic
hyperthermia applications.

Computed tomography: Gold nanoparticles (2-5 nm) and quantum dots can be visualized
using CT due to their high X-ray attenuation and used to image lymph nodes.[34] lodinated
nanoparticles have been developed as CT contrast agents with improved pharmacokinetics
over small molecules.[35] By incorporating multiple modalities like fluorescence,

nanoparticles allow multimodal imaging to guide diagnosis and intraoperative surgeries.

Positron emission tomography: Radioactive isotopes like fluorine-18 can be chelated onto
nanoparticles for PET/CT tumor imaging applications.[36] The tunable properties of
nanoparticles make them highly effective as contrast agents for various medical imaging

techniques like MRI, CT and PET. This enhances detection capabilities.
3.5 Tissue engineering

Scaffolds: Electro-spun nano fibers mimic the extracellular matrix and are used as scaffolds
for skin, bone, cartilage and nerve regeneration.[37] Hydrogels incorporating clay or
hydroxyapatite nanoparticles support 3D cell culture and enhance mechanical properties for

bone and cartilage tissue engineering.[38]
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Growth factors: Calcium phosphate or PLGA nanoparticles loaded with growth factors like
BMPs promote osteogenesis and angiogenesis for bone repair.[39] Silver nanoparticles

releasing VEGF enhance wound healing in diabetic animal model.[40]

Stem cell therapy: Nanoparticles facilitate delivery of stem cells to injury sites in the body.
For example, PLGA nanoparticles encapsulating mesenchymal stem cells augment cardiac
repair after myocardial infarction.[41] By mimicking the native microenvironment and
facilitating controlled growth factor/cell delivery, nanoparticles play a key role in

regenerative medicine and tissue engineering applications.
3.6 Antimicrobial applications

Bacteria: Silver nanoparticles (AgNPs) exhibit strong, broad-spectrum antibacterial effects
against pathogens like MRSA and E. coli due to released Ag+ ions.[42] Zinc oxide
nanoparticles also demonstrate antibacterial properties and are being evaluated as wound

dressings.[43]

Fungi: Chitosan nanoparticles loaded with antifungals like miconazole show promise for
topical treatment of candidiasis and other fungal infections.[44]

Viruses: Gold and silver nanoparticles interact with viral particles and inhibit influenza and
herpes simplex virus replication in vitro.[45]

Biofilms: Titanium dioxide nanoparticles combined with antibiotics help prevent biofilm
formation on medical implants by Pseudomonas aeruginosa.[46] The antimicrobial
applications of nanoparticles are being translated into real-world products. Examples include
silver-containing wound dressings, water filters, and textiles with durable antibacterial

properties.
4. Beyond Biomedicine
4.1 Nanoceramics for bone repair bone repair bone repair

Nanoceramics, particularly calcium phosphates and bioactive glasses, promote osteogenesis

due to their similarity to the inorganic component of bone.

Calcium phosphate nanoceramics: Nanohydroxyapatite and tricalcium phosphate
nanoparticles enhance new bone formation when incorporated into scaffolds, gels and
cements for repairing bone defects.[47]  Their nanostructure mimics the bone mineral

content and induces osteoblast differentiation.
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Bioactive glass nanoparticles: Their dissolution in physiological conditions stimulates
angiogenesis and osteoblast activity, making them useful bone graft substitutes.[48]
Composite scaffolds containing bioactive glass nanoparticles have been shown to repair
critical-sized bone defects in animal models.[49] Beyond bone repair, nanoceramics find use
in dental applications like remineralization and caries prevention due to their

biocompatibility and ability to stimulate tissue regeneration.
4.2 Semiconductor nanoparticles for electronics, photonics

Semiconductor nanoparticles or quantum dots are another class of nanomaterials with wide-

ranging applications beyond biomedicine.

Electronics: CdSe/ZnS quantum dots are used in television displays due to their tunable
photoluminescence and resistance to photo-bleaching.[50] Silicon nanoparticles show
promise for lithium-ion batteries with high capacity and short charging duration.[51]

Photonics: CdTe and CdSe quantum dots are employed as down-conversion materials for
energy-efficient LEDs and solar cells.[52] ZnO and TiO2 nanoparticles enhance the
efficiency of dye-sensitized solar cells.[53]

Sensors: Gas sensors based on SnO2 or ZnO nanoparticles enable detection of toxic and
inflammable gases.[54] Quantum dot FRET biosensors allow ultrasensitive detection of
proteins and nucleic acids.[55] With properties dependent on size, semiconductor
nanoparticles continue expanding frontiers in electronics, energy conversion and sensing

technologies.
4.3 Carbon nanoparticles for energy storage

Carbon nanomaterials have received immense attention for energy applications due to their

high surface area, electrical conductivity and mechanical strength.

Lithium-ion batteries: Graphite anodes allow high lithium-ion intercalation and are a key
component of commercial Li-ion batteries. [56] Graphene and carbon nanotubes further boost
battery capacity and power when added to anodes and cathodes.[57]

Supercapacitors: Activated carbon, carbon aerogels, onions, and nanotubes store charge on
their surfaces, enabling supercapacitors with fast charging ability for applications like hybrid
vehicles. [58]
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Fuel cells: Platinum-coated carbon supports enhance catalytic activity and lower costs in
proton-exchange membrane fuel cells [59] With continued research, carbon-based
nanomaterials are expected to play a vital role in developing next-generation energy storage
technologies and renewable energy integration.

4.4 Defense and security applications

In addition to commercial applications, nanoparticles show promise in defense and security

domains due to their tunable optical, magnetic and mechanical properties.

Camouflage: Thermochromic and photochromic nanoparticles enable surfaces that

dynamically and pattern for camouflage applications. [60]

Sensors:  SPIONs, gold nanoparticles and dots allow detection of explosives, chemical

weapons and toxins with high sensitivity and selectivity. [61]

Armor: Ceramic nanoparticle composites and carbon nanotube films provide lightweight
armor materials that are flexible yet exceptionally strong and puncture-resistant.[62]

Transparent conductors: Silver nanowire coatings enable transparent antennas, displays and
for military and aerospace use.[63] With further research, nanoparticles may find roles in
communication, munitions and other defense technologies for national security. Their tunable

properties at the nanoscale open up new design possibilities.
5. Challenges and Future Prospects
5.1 Toxicity concerns

While nanoparticles show immense potential, health and environmental risks must be

thoroughly evaluated before widespread use. Toxicity depends on factors like:
Size: Ultrafine particles more readily penetrate tissues/cells and translocate to organs.[64]

Shape: Aspiked /sharp nanoparticles exhibit greater toxicity than smooth particles of the same

composition.

Composition: Metal/metal oxide nanoparticles pose higher risks than polymers depending on
solubility.[65]

More studies are required to understand long-term effects, appropriate exposure limits, and
biodegradation. Risk mitigation strategies include controlled synthesis of safer-by-design

nanoparticles and the development of non-invasive detection methods for human and
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environmental exposure monitoring. With proper precautions, nanoparticles' benefits can be

realized while minimizing harm.
Scale-up and commercialization

While laboratory-scale synthesis of nanoparticles is well-established, mass production with
consistent quality and yield poses challenges.

Scale-up requires:

Continuous flow reactors for high-throughput synthesis, Robust downstream processing
methods for purification/isolation, Advanced characterization during scale-up to ensure

batch-to-batch reproducibility, and Strict quality control and standardization.
Commercialization hinges on:
Cost-effective manufacturing techniques:

Long-term stability and shelf-life studies, Clinical trials and regulatory approval for

biomedical applications, Partnerships for product development and distribution

Addressing issues around scale-up, quality assurance and regulatory compliance is critical for
nanoparticles to achieve their full commercial potential. Continued research is helping

address these challenges.
5.2 Multifunctional nanoparticles

Nanoparticles capable of performing multiple tasks simultaneously hold promise for more
effective diagnostics and therapies. Some emerging areas of research include:

Theragnostic: Nanoparticles integrating imaging, sensing and therapeutic functions allow
real-time monitoring and guided treatment of diseases.[66] Stimuli-responsive nanoparticles
properties can be tuned in response to external (e.g. temperature, light, magnetic field) or

internal (e.g. pH, enzymes) stimuli for controlled drug release or activation of therapies. [67]

Immunotherapy:  Nanoparticles are being designed to simultaneously deliver
immunomodulators, cancer vaccines and checkpoint inhibitors for synergistic cancer
treatment.[68] Tissue engineering and scaffolds incorporating nanoparticles with imaging,
drug delivery and mechanical reinforcement properties could help regenerate complex
tissues.[69] With ongoing work, multifunctional nanoplatforms may achieve personalized
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medicine goals like simultaneous diagnosis, targeted therapy and regeneration. This could

transform disease management.
5.3 Emerging applications (e.g. gene therapy, scratchproof coatings)

Gene therapy: Viral vectors and non-viral gene delivery systems based on nanoparticles show
promise for treating genetic disorders. Research areas include CRISPR-Cas9 delivery for
gene editing.[70] Neurotechnology: Nanoparticles are being engineered to interface neurons
for developing neural implants, brain-machine interfaces, and treatments for neurological
conditions.[71] Water treatment: Nanoparticles that can detect, adsorb or disinfect waterborne
toxins/pathogens could enable portable water purification technologies.[72] Scratchproof
coatings: Nanocomposites containing graphene or nanodiamonds exhibit extreme hardness
and self-healing properties for developing scratch and abrasion-resistant coatings for and
displays.[73]Energy: Lithium-ion batteries, fuel cells, solar panels and supercapacitors may
benefit from nanoparticles to boost energy/power densities, lifetimes and efficiencies.[74]
With further progress, these emerging fields may see new products enabled by innovative

nanoparticle in the coming decades.
6. Conclusion
6.1 Impact and significance of nanoparticles

Over the past few decades, nanoparticles have revolutionized fields from medicine to
electronics. Their high surface area to volume ratio and quantum effects impart unique size-

dependent properties. This review has discussed how nanoparticles are being applied as:

Versatile drug/gene delivery vectors with targeting abilities, Multifunctional agents for
imaging, sensing and therapy, Building blocks for developing stronger, smarter and self-

healing materials, Catalysts and additives boosting industrial processes.

Going forward, continued advances in controlled synthesis, functionalization and large-scale

manufacturing of nanoparticles hold promise to further enable:

Personalized theranostics, Tissue regeneration and bioengineering, Environmental

remediation, Alternative energy technologies.

With responsible development and risk mitigation measures, nanoparticles have the potential
to profoundly impact humanity through innovative solutions addressing our most pressing

health, resource and sustainability challenges.
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6.2 Future outlook

The future of nanoparticles appears bright, with continued progress across several fronts

expected to further unlock their potential:

Precision engineering: Advances in synthesis and characterization will enable the design of
nanoparticles with precisely controlled properties at the single-particle level. Scale-up:
Emerging scalable techniques like microfluidics, continuous flow synthesis and 3D printing
may help overcome current scale-up challenges. Multifunctionality: Nanoparticles integrating
diverse capabilities like imaging, sensing, drug delivery, and mechanical reinforcement are
likely to find widespread use. Commercialization: With standardization efforts and clinical
approvals, more nanoparticle-based products will transition from research labs to markets.
Convergence technologies: Integration of nanoparticles with fields like artificial intelligence,
robotics, virtual reality and renewable energy may give rise to new paradigms. Regulations:
Streamlined regulatory frameworks can help realize the societal benefits of nanoparticles
while ensuring responsible development and oversight. Overall, nanoparticles are poised to
play an increasingly important role in addressing global challenges through diverse
innovations over the coming decades. Continued research support and responsible
governance will be crucial to fully unlock their potential.
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