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Abstract: Nanoparticles represent a fundamental class of matetials with dimensions ranging from 1 to 100 nanometers,
exhibiting unique physicochemical properties distinct from their bulk counterparts. The synthesis of nanopatticles encompasses
various methodologies including chemical, physical, biological, and green synthesis routes, each offering specific advantages in
size control, distribution, and scalability. Characterization techniques such as TEM, SEM, XRD, and spectroscopic methods
enable precise determination of morphology, structure, and surface properties. Applications of nanoparticles span across
biomedical fields through drug delivery systems, diagnostic imaging, and therapeutic interventions. Environmental applications
focus on water purification, air filtration, and pollution control. In energy sectors, nanoparticles enhance solar cell efficiency,
battery petformance, and catalytic processes. Industrial implementations include advanced manufacturing, electronic
components, and protective coatings. Emerging applications extend to quantum computing, neuromorphic systems, space
technology, agriculture, and smart textiles. The rapid advancement in nanoparticle science continues to generate novel solutions
for global challenges while emphasizing the importance of controlled synthesis, characterization, and application-specific
optimization.
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1. Introduction

Nanotechnology has emerged as a revolutionary field that manipulates matter at the atomic and molecular scale, fundamentally
transforming various scientific and technological domains. The term 'nano' originates from the Greek word 'nanos,' meaning dwarf,
and represents one billionth of a meter (10°m) [1]. At this scale, materials exhibit remarkably different physical, chemical, and
biological properties compared to their bulk counterpatts, opening new avenues for innovation and application. Nanopatticles
(NPs), the fundamental building blocks of nanotechnology, are defined as particles with at least one dimension measuring between
1 and 100 nanometers [2]. These particles can be engineered to possess specific properties such as enhanced reactivity, increased
surface area-to-volume ratio, unique optical properties, and modified electronic characteristics [3]. The behavior of materials at the
nanoscale is governed by quantum effects rather than traditional physical laws, leading to unprecedented opportunities in various
fields.

The synthesis of nanoparticles can be achieved through multiple approaches, broadly categorized into physical, chemical, and
biological methods. Each method offers distinct advantages and limitations, influencing the final properties of the nanoparticles,
including their size, shape, composition, and surface characteristics [4]. Recent advances in synthesis techniques have enabled better
control over these parameters, allowing for the development of nanoparticles tailored for specific applications. The versatility of
nanoparticles is evident in their wide-ranging applications across different sectors. In medicine, they have revolutionized drug
delivery systems, enabling targeted therapy with reduced side effects [5]. The electronics industry has benefited from nanoparticles
in developing more efficient semiconductors and storage devices [6]. Environmental applications include water purification,
pollution control, and renewable energy technologies [7]. Despite the remarkable progress in nanoparticle research and development,
several challenges remain. These include scaling up production while maintaining consistency, ensuring long-term stability,
addressing potential toxicity concerns, and developing more sustainable synthesis methods [8]. The complex interaction between
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nanoparticles and biological systems also requires further investigation to ensure safe implementation in medical applications. Recent
trends in nanoparticle research focus on developing green synthesis methods, improving particle stability, and enhancing the
specificity of their applications [9]. The integration of artificial intelligence and machine learning has also begun to play a crucial role
in optimizing nanopatticle synthesis and predicting their behavior in various environments [10].

2. Classification of Nanoparticles

The classification of nanoparticles is based on their chemical composition, physical properties, and origin. This systematic
categorization helps in understanding their behavior and potential applications. The main categories include organic, inorganic, and
carbon-based nanoparticles, each with distinct characteristics and applications.

2.1. Organic Nanoparticles

Organic nanoparticles comprise biodegradable and non-biodegradable polymeric materials with sizes typically ranging from 10 to
1000 nm [11]. These nanoparticles are particularly valuable in biomedical applications due to their biocompatibility and ability to
encapsulate various therapeutic agents.

2.1.1. Dendrimers

Dendrimers are highly branched, star-shaped polymeric structures with sizes ranging from 10 to 100 nm [12]. Their unique
architecture consists of a central core, branching units, and terminal functional groups. The structural design of dendrimers enables
controlled drug release mechanisms through their internal cavities and surface groups. Their ability to enhance drug solubility is
attributed to their hydrophilic exterior and hydrophobic interior. The multiple surface functional groups allow for targeted drug
delivery through the attachment of specific ligands. These characteristics make dendrimers particulatly effective in pharmaceutical
applications and diagnostic imaging [13].
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Figure 1. Structural representation of a. dendrimer b. liposomes and c. micelles

2.1.2. Liposomes

Liposomes are spherical vesicles composed of phospholipid bilayers surrounding an aqueous core, typically ranging from 50 to 500
nm [14]. The amphiphilic nature of liposomes enables them to encapsulate both hydrophilic compounds in their aqueous core and
hydrophobic compounds within their lipid bilayers. Their natural biocompatibility stems from their composition, which mimics
cellular membranes. Surface modification of liposomes can be achieved through various techniques, allowing for targeted delivery
and enhanced circulation time. These properties make liposomes ideal cartiers for drug delivery systems and cosmetic applications

[15].

2.1.3. Micelles

Polymeric micelles are self-assembling structures formed from amphiphilic block copolymers, with sizes ranging from 20 to 100 nm
[16]. Their core-shell structure consists of a hydrophobic core that can solubilize poorly water-soluble drugs and a hydrophilic shell
that provides stability in aqueous environments. This architecture protects sensitive therapeutic agents from degradation and
improves their bioavailability. The controlled release characteristics of micelles are influenced by their polymer composition and
environmental conditions, making them valuable in targeted drug delivery applications [17].

2.2. Inorganic Nanoparticles

Inorganic nanoparticles are composed of metals, metal oxides, and other inorganic materials. These materials exhibit unique physical
and chemical properties that significantly differ from their bulk counterparts, making them valuable across various applications [18].
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2.2.1. Metal-based nanoparticles

Metal-based nanoparticles, particularly those derived from noble metals such as gold and silver, demonstrate remarkable optical and
electronic properties. Gold nanoparticles exhibit surface plasmon resonance, which enables their use in biosensing and photothermal
therapy. Their high electrical conductivity makes them excellent candidates for electronic applications and diagnostic tools. Silver
nanoparticles are renowned for their potent antimicrobial properties, finding applications in medical devices, textiles, and water
treatment systems. The catalytic activity of metal nanoparticles has revolutionized chemical synthesis processes, offering increased
efficiency and selectivity [19].

2.2.2. Metal oxide nanoparticles

Metal oxide nanoparticles encompass a diverse group of materials including titanium dioxide, zinc oxide, and iron oxide, each
possessing distinct characteristics. Titanium dioxide nanoparticles exhibit exceptional photocatalytic activity, making them effective
in environmental remediation and self-cleaning surfaces. Zinc oxide nanoparticles combine UV-blocking capabilities with
antimicrobial properties, finding applications in sunscreens and protective coatings. Iron oxide nanoparticles, with their magnetic
properties, have transformed medical imaging and targeted drug delivery applications. The semiconducting properties of these
materials have also led to their integration in electronic devices and sensors [20].

2.2.3. Ceramic Nangparticles

Ceramic nanoparticles, composed of oxides, carbides, or nitrides, demonstrate remarkable stability under extreme conditions. Their
high temperature resistance and chemical inertness make them ideal for industrial applications requiring robust materials. The
mechanical strength of ceramic nanoparticles has led to their incorporation in composite materials for structural applications. Their
surface chemistry can be modified through various functionalization techniques, enabling their use in catalysis and biomedical
applications. The porous natute of certain ceramic nanoparticles also makes them excellent candidates for drug delivery and
molecular separation processes [21].

2.3. Carbon-Based Nanoparticles

Carbon-based nanoparticles represent a fascinating class of materials that have revolutionized nanotechnology through their unique
structural and electronic properties [22].

2.3.1. Fullerenes

Fullerenes, particularly C60, represent a unique class of carbon nanostructures with a hollow spherical configuration. Their high
electron affinity enables applications in electronic devices and solar cells. The antioxidant properties of fullerenes have generated
interest in their potential therapeutic applications. Their unique photophysical properties make them valuable in optical devices and
photodynamic therapy. The internal cavity of fullerenes can encapsulate various molecules, leading to applications in drug delivery
and molecular imaging [23].

2.3.2. Carbon Nanotubes

Carbon nanotubes exist in both single-walled and multi-walled configurations, demonstrating exceptional mechanical and electrical
properties. Their remarkable tensile strength, surpassing that of steel while maintaining flexibility, has led to applications in
composite materials and structural engineering. The electrical conductivity of carbon nanotubes rivals that of copper, making them
ideal for electronic applications. Their high surface area and thermal stability enable applications in energy storage devices and
thermal management systems [24].

2.3.3. Graphene and graphene oxide

Graphene and its oxidized form represent two-dimensional carbon materials with extraordinary properties. The outstanding
electrical conductivity of graphene has revolutionized electronic device development. Their mechanical strength, combined with
flexibility, has enabled applications in flexible electronics and protective coatings. The large surface area of these materials facilitates
their use in energy storage applications and sensor development. The versatile chemistry of graphene oxide enables functionalization
for various applications, including drug delivery and composite materials [25].

3. Synthesis of Nanoparticles

The synthesis of nanoparticles can be broadly categorized into two fundamental approaches: top-down and bottom-up methods.
The choice of synthesis method significantly influences the particle size, shape, composition, and ultimately their properties and
applications [26].
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Figure 2. Schematic representation of top-down and bottom-up approaches in nanoparticle synthesis

3.1. Bottom-Up Methods

Bottom-up methods involve the assembly of atoms and molecules to form nanoparticles, offering precise control over particle
characteristics and composition [27].

3.1.1. Sol-Gel method

The sol-gel method represents a versatile wet-chemical technique that enables the synthesis of various metal oxide nanoparticles.
This process involves the conversion of monomers into a colloidal solution (sol) that acts as a precursor for an integrated network
(gel) of discrete particles. The method begins with the hydrolysis of metal alkoxides or metal salts, followed by condensation
reactions leading to the formation of metal-oxygen-metal bonds. The process parameters, including pH, temperature, and precursor
concentration, can be adjusted to control particle size and morphology. The sol-gel method offers advantages such as high purity
products, homogeneous mixing at the molecular level, and the ability to produce complex metal oxide compositions [28].

3.1.2. Spinning method

The spinning method utilizes a rotating disc reactor for nanoparticle synthesis under controlled conditions. In this process, precursor
solutions ate introduced onto a rotating disc where centrifugal forces create thin liquid films. The combination of high shear forces
and controlled temperature conditions facilitates particle nucleation and growth. This method allows for continuous production and
precise control over particle size distribution through adjustment of rotation speed, feed rate, and temperature parameters [29].

3.1.3. Chemical V apor Deposition

Chemical vapor deposition (CVD) involves the deposition of gaseous reactants onto a heated substrate. The process begins with
the vaporization of precursor materials, followed by their transport to the reaction zone where chemical reactions occur at the
substrate surface. The method enables the synthesis of high-purity nanoparticles with controlled size and crystallinity. Various
modifications of CVD, including plasma-enhanced CVD and thermal CVD, offer additional control over particle characteristics
and deposition rates [30].

3.1.4. Pyrolysis

Pyrolysis represents a thermal decomposition process for nanoparticle synthesis occurring in the absence of oxygen. The process
involves the rapid heating of precursor materials, leading to their decomposition and formation of nanoparticles. Spray pyrolysis, a
common variant, involves the atomization of precursor solutions into fine droplets that undergo thermal decomposition. This
method offers advantages in terms of scalability and continuous production capabilities [31].

3.1.5. Biosynthesis

Biosynthesis of nanoparticles represents an environmentally friendly approach utilizing biological systems such as plants,
microorganisms, and enzymes. This method harnesses the natural reducing and capping agents present in biological systems to
synthesize nanoparticles. Plant extracts, for instance, contain various biomolecules that can reduce metal ions and stabilize the
formed nanoparticles. This green synthesis approach offers advantages such as mild reaction conditions, minimal use of harmful
chemicals, and the production of biocompatible nanoparticles [32].

3.2. Top-down methods

Top-down methods involve the breakdown of bulk materials into nanoparticles through various physical and mechanical processes.
These methods are particularly valuable for industrial-scale production, though they may offer less precise control over particle
characteristics compared to bottom-up approaches [33].
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3.2.1. Mechanical milling

Mechanical milling represents one of the most widely used top-down approaches for nanoparticle synthesis. The process employs
high-energy ball mills where repeated collision between the grinding media and bulk material leads to particle size reduction. During
milling, the material undergoes repeated deformation, cold welding, and fragmentation, eventually reaching nanoscale dimensions.
The final particle size and morphology can be controlled by adjusting milling parameters such as ball-to-powder ratio, milling speed,
and duration. This method is particularly effective for producing metal and metal oxide nanoparticles, though contamination from
grinding media can be a concern [34].

3.2.2. Lithographic technigues

Lithography encompasses various techniques for creating nanoscale patterns and structures. Photolithography utilizes light to
transfer geometric patterns from a mask to a light-sensitive chemical substrate. Electron beam lithography offers higher resolution
by using focused electron beams to create patterns. These techniques are fundamental in the semiconductor industry and enable the
fabrication of precise nanostructures. Advanced lithographic methods such as nanoimprint lithography combine high resolution
with the potential for large-scale production [35].

3.2.3. Laser ablation

Laser ablation involves the removal of material from a bulk target using high-energy laser pulses. When the laser beam interacts
with the target material, it creates a plasma plume containing atoms, ions, and small clusters that eventually condense to form
nanoparticles. The process can be conducted in various media, including vacuum, gases, or liquids. Laser ablation in liquid (LAL)
has gained particular attention due to its ability to produce pure nanoparticles without chemical precursors. The particle size and
distribution can be controlled by adjusting laser parameters such as wavelength, pulse duration, and energy density [306].

3.2.4. Sputtering

Sputtering represents a physical vapor deposition technique where atoms are ejected from a solid target material due to
bombardment by energetic particles. The process takes place in a vacuum chamber where an inert gas (typically argon) is ionized to
create a plasma. These ions accelerate toward the target material, causing the ejection of atoms that subsequently condense on a
substrate to form nanoparticles. Magnetron sputtering, an advanced variant, uses magnetic fields to enhance the sputtering
efficiency. This technique offers excellent control over film thickness and composition [37].

Table 1. Comparison of Major Nanoparticle Synthesis Methods

Method Size Range(nm) | Size Distribution | Scalability | Cost Process Control
Chemical Synthesis | 1-100 Narrow High Low Excellent
Physical Methods 10-200 Moderate Moderate | Moderate | Good

Biological Routes 2-50 Wide Low Low Limited

Green Synthesis 5-100 Moderate Moderate | Low Moderate

Hybrid Approaches | 2-150 Narrow High Moderate | Excellent

3.3. Hybrid approaches

Recent developments in nanoparticle synthesis have led to the emergence of hybrid methods that combine aspects of both top-
down and bottom-up approaches. These hybrid techniques aim to leverage the advantages of both methodologies while minimizing
their respective limitations [38].

3.3.1. Template-assisted synthesis

Template-assisted synthesis combines physical structuring with chemical growth processes. This method utilizes pre-structured
templates to guide the formation of nanoparticles, offering control over both size and morphology. Hard templates, such as porous
membranes, and soft templates, like surfactant assemblies, can be employed. The process typically involves the deposition or growth
of material within template structures, followed by template removal if necessary [39].

3.3.2. Sonochemical synthesis

Sonochemical synthesis utilizes ultrasonic waves to create unique reaction conditions through acoustic cavitation. The process
involves the formation, growth, and collapse of bubbles in a liquid medium, generating localized hot spots with extreme temperature
and pressure conditions. These conditions can facilitate both the breakdown of bulk materials and the chemical synthesis of
nanoparticles, effectively combining top-down and bottom-up approaches [40].
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4. Characterization techniques

The comprehensive characterization of nanoparticles is essential for understanding their properties and optimizing their
applications. Various analytical techniques are employed to evaluate physical, chemical, and functional characteristics of
nanoparticles [41].

4.1. Microscopic techniques

4.1.1. Transmission electron microscopy (TEM)

Transmission Electron Microscopy provides detailed information about nanoparticle morphology and internal structure at atomic
resolution. The technique operates by transmitting a focused beam of electrons through an ultra-thin specimen. High-resolution
TEM (HR-TEM) enables visualization of crystal lattices and atomic arrangements within nanoparticles. Advanced capabilities
include electron energy loss spectroscopy (EELS) for elemental analysis and selected area electron diffraction (SAED) for
crystallographic information. The sample preparation requires careful consideration to avoid artifacts and maintain the native state
of nanoparticles [42].

4.1.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy examines surface morphology and topographical features of nanoparticles by scanning a focused
electron beam across the sample surface. The technique provides three-dimensional-like images with excellent depth of field.
Modern SEM instruments equipped with energy-dispersive X-ray spectroscopy (EDS) capabilities enable elemental mapping and
composition analysis. Environmental SEM (ESEM) allows examination of samples under various environmental conditions,
including different humidity levels and temperatures [43].

4.1.3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy offers three-dimensional surface profiling with nanometer resolution. The technique employs a sharp tip
mounted on a cantilever to scan the sample surface, providing information about topography, surface roughness, and mechanical
properties. Various AFM modes, including contact, non-contact, and tapping modes, enable examination of different sample
properties. Advanced AFM techniques can measure surface forces, mechanical properties, and even chemical interactions at the
nanoscale [44].

4.2. Spectroscopic techniques

4.2.1. UV-Visible spectroscopy

UV-Visible spectroscopy analyzes the optical properties of nanoparticles through their interaction with electromagnetic radiation.
The technique is particularly valuable for characterizing plasmonic nanoparticles and quantum dots. Surface plasmon resonance
bands provide information about particle size, shape, and aggregation state. The method also enables monitoring of nanoparticle
formation during synthesis and evaluation of stability in vatious media [45].

4.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy identifies functional groups and chemical bonds present in nanoparticles and surface modifications. The
technique provides valuable information about surface chemistry, ligand binding, and functionalization success. Attenuated Total
Reflection (ATR-FTIR) enables analysis of samples in their native state without extensive preparation. The method is particularly
useful for characterizing organic coating materials and studying surface modifications of nanoparticles [46].

4.2.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy provides detailed information about surface chemical composition and oxidation states of
elements present in nanoparticles. The technique analyzes photoelectrons emitted from the sample surface upon X-ray irradiation.
XPS can determine elemental composition, chemical state, and electronic state of elements within the top few nanometers of the
sample. The method is particularly valuable for studying surface modifications and understanding surface chemistry of nanoparticles

[47].
4.3. Structural and crystallographic techniques

4.3.1. X-Ray Diffraction (XRD)

X-Ray Diffraction serves as a fundamental technique for analyzing crystalline structure, phase composition, and crystallite size of
nanoparticles. The method relies on the diffraction of X-rays by crystalline planes according to Bragg's law. Peak positions in XRD
patterns reveal crystal structure and phase identity, while peak broadening enables crystallite size determination through the Scherrer
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equation. Advanced XRD techniques, including grazing incidence XRD (GIXRD), provide enhanced surface sensitivity for thin
films and surface-supported nanoparticles. The technique also enables in-situ studies of phase transformations and crystallization
processes [48].

4.3.2. Small-Angle X-Ray Scattering (SAXS)

Small-Angle X-Ray Scattering provides information about particle size distribution, shape, and internal structure in both crystalline
and amorphous materials. The technique analyzes X-ray scattering at very small angles, typically less than 5 degrees. SAXS offers
advantages in studying particles in their native environment without requiring complex sample preparation. The method enables
real-time monitoring of particle formation and growth processes. Advanced analysis methods provide detailed information about
particle morphology and interactions in solution [49].

4.3.3. Neutron Scattering

Neutron scattering techniques, including Small-Angle Neutron Scattering (SANS), offer unique insights into nanoparticle structure
and dynamics. The technique's sensitivity to light elements and isotope differences enables detailed structural analysis of organic
and hybrid materials. Contrast variation expetiments through deuteration provide information about internal structure and
composition distribution. The method is particularly valuable for studying soft matter and biological nanostructures [50].

Table 2. Characterization Techniques and Their Applications

Technique | Resolution | Sample State | Used for Limitations

TEM 0.1 nm Solid Morphology, Structure | Vacuum required

SEM 1 nm Solid Surface features Surface only

XRD 0.1 nm Powder Crystal structure Bulk analysis

DLS >1 nm Solution Size distribution Limited for mixtures
XPS 10 nm Solid Surface chemistry Surface only

FTIR - All Chemical bonding Limited spatial resolution
Raman >1 pm All Molecular structure Sample heating

AFM 0.1 nm Surface Topography Slow scanning

4.4. Physicochemical characterization

4.4.1. Dynamic Light Scattering (DLS)

Dynamic Light Scattering measures particle size distribution and polydispersity in liquid suspensions through analysis of scattered
light fluctuations. The technique provides information about hydrodynamic diameter, which includes both the particle core and
associated surface layers. DLS enables real-time monitoring of aggregation processes and stability studies. Multi-angle DLS systems
provide enhanced accuracy for non-spherical particles and complex systems [51].

4.4.2. Zeta potential analysis

Zeta potential measurements evaluate surface charge and colloidal stability of nanoparticles in suspension. The technique analyzes
particle electrophoretic mobility under an applied electric field. Zeta potential values indicate the magnitude of electrostatic repulsion
between particles and predict suspension stability. The method is crucial for optimizing formulation conditions and understanding
surface modification effects [52].

4.4.3. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis measures mass changes as a function of temperature, providing information about thermal stability,
composition, and surface modification extent. The technique enables quantification of organic coating materials and determination
of moisture content. Coupled TGA-MS (mass spectrometry) systems provide additional information about decomposition products
and mechanisms. The method is valuable for quality control and process optimization [53].

4.4.4. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry analyzes thermal transitions and phase changes in nanoparticulate systems. The technique
measures heat flow differences between sample and reference materials during controlled temperature programs. DSC provides
information about melting behavior, crystallization processes, and phase transitions. The method is particularly useful for studying
polymer-based nanoparticles and drug-loaded systems [54].
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4.5. Structural and crystallographic techniques

4.5.1. X-Ray Diffraction (XRD)

X-Ray Diffraction serves as a fundamental technique for analyzing crystalline structure, phase composition, and crystallite size of
nanoparticles. The method relies on the diffraction of X-rays by crystalline planes according to Bragg's law. Peak positions in XRD
patterns reveal crystal structure and phase identity, while peak broadening enables crystallite size determination through the Scherrer
equation. Advanced XRD techniques, including grazing incidence XRD (GIXRD), provide enhanced surface sensitivity for thin
films and surface-supported nanoparticles. The technique also enables in-situ studies of phase transformations and crystallization
processes [48].

4.5.2. Small-Angle X-Ray Scattering (SAXS)

Small-Angle X-Ray Scattering provides information about particle size distribution, shape, and internal structure in both crystalline
and amorphous materials. The technique analyzes X-ray scattering at very small angles, typically less than 5 degrees. SAXS offers
advantages in studying particles in their native environment without requiring complex sample preparation. The method enables
real-time monitoring of particle formation and growth processes. Advanced analysis methods provide detailed information about
particle morphology and interactions in solution [49].

4.5.3. Neutron scattering

Neutron scattering techniques, including Small-Angle Neutron Scattering (SANS), offer unique insights into nanoparticle structure
and dynamics. The technique's sensitivity to light elements and isotope differences enables detailed structural analysis of organic
and hybrid materials. Contrast variation expetiments through deuteration provide information about internal structure and
composition distribution. The method is particularly valuable for studying soft matter and biological nanostructures [50].

4.6. Physicochemical characterization

4.6.1. Dynamic Light Scattering (DLS)

Dynamic Light Scattering measures particle size distribution and polydispersity in liquid suspensions through analysis of scattered
light fluctuations. The technique provides information about hydrodynamic diameter, which includes both the particle core and
associated surface layers. DLS enables real-time monitoring of aggregation processes and stability studies. Multi-angle DLS systems
provide enhanced accuracy for non-spherical particles and complex systems [51].

4.6.2. Zeta potential analysis

Zeta potential measurements evaluate surface charge and colloidal stability of nanoparticles in suspension. The technique analyzes
particle electrophoretic mobility under an applied electric field. Zeta potential values indicate the magnitude of electrostatic repulsion
between particles and predict suspension stability. The method is crucial for optimizing formulation conditions and understanding
surface modification effects [52].

4.6.3. Thermogravimetric Analysis (1G.A)

Thermogravimetric Analysis measures mass changes as a function of temperature, providing information about thermal stability,
composition, and surface modification extent. The technique enables quantification of organic coating materials and determination
of moisture content. Coupled TGA-MS (mass spectrometry) systems provide additional information about decomposition products
and mechanisms. The method is valuable for quality control and process optimization [53].

4.6.4. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry analyzes thermal transitions and phase changes in nanopartticulate systems. The technique
measures heat flow differences between sample and reference materials during controlled temperature programs. DSC provides
information about melting behavior, crystallization processes, and phase transitions. The method is particularly useful for studying
polymer-based nanoparticles and drug-loaded systems [54].

4.7. Advanced and emerging characterization techniques

4.7.1. In-situ characterigation methods

In-situ characterization techniques enable real-time observation of nanoparticle formation, transformation, and behavior under
various conditions. These methods provide crucial insights into dynamic processes that are otherwise difficult to capture through
conventional ex-situ analysis [55].
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4.7.2. Liguid-cell TENM

Liquid-cell TEM enables direct observation of nanoparticle dynamics in liquid environments. The technique utilizes specialized
sample holders containing thin liquid films between electron-transparent windows. This advancement allows visualization of particle
nucleation, growth, and assembly processes in real-time. Recent developments include capabilities for controlling temperature,
applying electrical fields, and introducing reactive species during observation [56].

4.7.3. Environmental XRD

Environmental XRD systems enable structural analysis under controlled temperature, pressure, and atmospheric conditions. The
technique allows monitoring of phase transformations, chemical reactions, and structural changes during processing. Advanced
capabilities include simultaneous measurement of multiple parameters and real-time kinetic studies [57].

4.7.4. Correlative microscopy

Cortrelative microscopy combines multiple imaging techniques to provide complementary information about the same sample
region. This approach enables comprehensive characterization across different length scales and modes of contrast [58].

Correlative Light and Electron Microscopy (CLEM): CLEM combines the specificity of fluorescence microscopy with the high
resolution of electron microscopy. The technique enables tracking of specific labeled components while maintaining detailed
structural context. Advanced workflows enable precise registration between different imaging modalities [59].

Multimodal spectroscopic imaging: Multimodal spectroscopic imaging combines different spectroscopic techniques to provide
chemical and structural information with spatial resolution. These approaches often integrate Raman spectroscopy, infrared
spectroscopy, and mass spectrometry imaging [60].

4.7.5. Computational and data analysis methods

Machine learning approaches: Machine learning algorithms are increasingly applied to nanoparticle charactetization data analysis.
These methods enable automated particle detection, classification, and feature extraction from microscopy images. Advanced
algorithms facilitate prediction of nanoparticle properties and optimization of synthesis conditions [61].

Tomographic reconstruction: Advanced tomographic reconstruction methods enable three-dimensional visualization of
nanoparticle structure and composition. Electron tomography provides detailed 3D structural information at nanometer resolution.
Recent developments include methods for chemical mapping in three dimensions [62].

4.7.6. Single-particle analysis

Single-particle tracking: Single-particle tracking techniques enable analysis of individual nanoparticle behavior in complex
environments. These methods provide information about particle dynamics, diffusion, and interactions at the single-particle level.
Advanced tracking algorithms enable simultaneous monitoring of multiple particles [63].

Single-particle spectroscopy: Single-particle spectroscopic techniques analyze optical and electronic properties of individual
nanoparticles. These methods reveal heterogeneity in particle properties that may be masked in ensemble measurements. Recent
developments include techniques for simultaneous structural and spectroscopic analysis [64].

5. Applications of nanoparticles

5.1. Biomedical applications

5.1.1. Drug delivery

Nanoparticles have revolutionized drug delivery systems by offering unprecedented control over therapeutic agent distribution and
release kinetics. These systems enhance therapeutic efficacy through multiple mechanisms. The nanoscale dimensions facilitate
crossing of biological barriers, including the blood-brain barrier and cellular membranes. Polymeric nanoparticles, designed with
specific surface chemistry, enable targeted drug delivery to diseased tissues while minimizing exposure to healthy cells. Liposomal
formulations improve the solubility of hydrophobic drugs and protect sensitive therapeutic agents from degradation. Solid lipid
nanoparticles provide sustained release profiles and enhanced stability. Metal-organic frameworks offer high drug loading capacity
and stimuli-responsive release. Dendrimers, with their well-defined architecture, enable precise control over drug conjugation and
release [65].
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5.1.2. Diagnostic imaging

Nanoparticle-based contrast agents have transformed medical imaging by providing enhanced sensitivity and specificity.
Superparamagnetic iron oxide nanoparticles generate superior contrast in magnetic resonance imaging through their effects on
proton relaxation times. Gold nanopatticles, with their high atomic number, provide excellent contrast in computed tomography
imaging. Quantum dots enable long-term fluorescence imaging with minimal photobleaching. These imaging agents often
incorporate targeting ligands for specific tissue visualization. Advanced nanoparticle designs enable multimodal imaging, combining
different imaging modalities in single platforms for comprehensive diagnostic information [66].

5.1.3. Theranostics

Theranostic nanoplatforms represent a paradigm shift in medical treatment by integrating therapeutic and diagnostic capabilities.
These systems enable real-time monitoring of drug delivery and therapeutic response through built-in imaging functionality. For
instance, magnetic nanoparticles can simultaneously provide MRI contrast and deliver therapeutic payloads. Plasmonic nanoparticles
combine imaging capabilities with photothermal therapy. This integration enables precise treatment planning, monitoring, and
adjustment based on individual patient response. The approach supports the development of personalized treatment strategies
through immediate feedback on therapeutic efficacy [67].

5.2. Environmental applications

5.2.1. Water treatment

Nanoparticles offer innovative solutions for water purification through multiple mechanisms. Iron oxide nanoparticles demonstrate
exceptional capacity for heavy metal removal through surface adsorption and redox reactions. Photocatalytic titanium dioxide
nanoparticles degrade organic pollutants under solar irradiation. Nanoscale zero-valent iron particles enable rapid transformation
of halogenated compounds through reductive dehalogenation. Silver nanoparticles provide effective antimicrobial treatment. These
applications benefit from the high surface area-to-volume ratio of nanoparticles, which maximizes contact with contaminants and
enhances treatment efficiency [68].

5.2.2. Air purification

Nanoparticle-based systems have demonstrated remarkable effectiveness in air pollution control and purification. Nanostructured
catalysts enhance the conversion of harmful gases through increased surface area and improved catalytic activity. Metal oxide
nanoparticles effectively remove volatile organic compounds through selective adsorption and photocatalytic degradation.
Advanced filtration materials incorporating nanofibers achieve superior particle capture efficiency while maintaining low pressure
drop. Carbon-based nanomaterials, including graphene derivatives, demonstrate exceptional capacity for gas molecule adsorption
and separation. Recent developments include self-cleaning surfaces based on photocatalytic nanoparticles that decompose adsorbed
pollutants under ambient light conditions [69].

5.2.3. Soil remediation

Nanomaterials provide innovative approaches for soil decontamination and restoration. Engineered nanoparticles facilitate in-situ
remediation through enhanced mobility and reactivity in soil matrices. Nanoscale zero-valent iron particles transform chlorinated
compounds and heavy metals through reductive processes. Biochar-supported nanoparticles combine contaminant sequestration
with soil fertility improvement. Advanced delivery systems enable targeted distribution of remediation agents in contaminated zones.
Recent developments include pH-responsive nanoparticles that selectively bind contaminants under specific environmental
conditions [70].

5.3. Energy applications

5.3.1. Solar energy conversion

Nanoparticles play crucial roles in advancing solar energy technologies. Quantum dot solar cells achieve enhanced light absorption
through size-tunable bandgaps and multiple exciton generation. Plasmonic nanostructures increase light-harvesting efficiency
through near-field enhancement and light scattering. Nanostructured electrodes in dye-sensitized solar cells provide increased
surface area for dye loading and improved charge collection. Perovskite solar cells benefit from nanoparticle electron transport
layers that enhance charge separation and reduce recombination losses. Recent advances include tandem architectures incorporating
multiple nanostructured active layers for improved spectral utilization [71].

5.3.2. Energy storage

Nanostructured materials revolutionize energy storage technologies through enhanced performance and novel functionalities.
Advanced battery electrodes incorporating nanoparticles achieve higher capacity and faster charging rates through shortened ion
diffusion paths and increased reaction sites. Supercapacitor electrodes based on nanostructured carbon materials provide exceptional
power density and cycling stability. Metal oxide nanoparticles enable pseudocapacitive charge storage mechanisms that combine
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high energy density with rapid charge-discharge capabilities. Recent developments include hierarchical electrode architectures that
optimize ion transport while maintaining structural stability during cycling [72].

5.3.3. Catalysis

Nanopatticle catalysts enable efficient energy conversion processes through enhanced activity and selectivity. Supported metal
nanoparticles achieve superior catalytic performance through optimized particle size and surface structure. Core-shell nanostructures
combine catalytic activity with stability through protective outer layers. Bimetallic nanoparticles demonstrate synergistic effects that
enhance reaction rates and product selectivity. Advanced characterization techniques reveal dynamic changes in catalyst structure
during reaction conditions, enabling rational design of more efficient catalytic systems [73].

5.4. Industrial applications

5.4.1. Manufacturing and materials

Nanopatticles transform manufacturing processes through enhanced material properties and novel functionalities. Nanocomposite
materials achieve superior mechanical properties through optimized particle dispersion and interfacial engineering. Self-healing
materials incorporate encapsulated nanoparticles that release healing agents upon damage. Superhydrophobic coatings based on
nanostructured surfaces provide exceptional water repellency and self-cleaning properties. Recent developments include smart
manufacturing processes that utilize in-situ generated nanoparticles for property enhancement [74].

5.4.2. Electronics and semiconductors

Nanoparticles enable significant advances in electronic device fabrication and performance. Conductive inks based on metal
nanoparticles facilitate printed electronics through low-temperature processing. Semiconductor nanoparticles provide precise
control over electronic properties through quantum confinement effects. Carbon nanotubes and graphene derivatives enable flexible
electronics with exceptional electrical and mechanical properties. Nanoparticle-based memory devices achieve high storage density
through novel switching mechanisms. Advanced packaging materials incorporating nanoparticles provide enhanced thermal
management and electromagnetic shielding [75].

5.4.3. Surface coatings and tribology

Nanostructured coatings deliver superior surface properties across diverse applications. Nanocomposite coatings achieve
exceptional hardness and wear resistance through optimized particle distribution. Self-lubricating coatings incorporating
nanoparticles maintain low friction under extreme conditions. Anti-corrosion coatings utilize nanoparticle barriers and active
protection mechanisms. Recent developments include adaptive coatings that respond to environmental conditions through stimuli-
responsive nanoparticles [76].

5.5. Emerging applications

5.5.1. Quantum computing

Nanoparticles show promising applications in quantum computing hardware. Single-electron devices based on quantum dots enable
quantum bit operations through controlled charge states. Magnetic nanoparticles provide platforms for quantum memory through
spin manipulation. Superconducting nanostructures facilitate quantum circuit implementation through coherent quantum states.
Recent advances include hybrid systems combining different quantum elements through engineered nanointerfaces [77].

5.5.2. Neuromorphic computing

Nanoparticle-based systems enable novel approaches to brain-inspired computing. Memristive devices incorporating metal oxide
nanoparticles demonstrate synaptic-like behavior through controlled ionic transport. Quantum dot arrays enable massive parallel
processing through collective electronic states. Plasmonic nanostructures facilitate ultrafast signal processing through optical
interactions. Recent developments include three-dimensional architectures that mimic neural network connectivity [78].

5.5.3. Space technology

Nanoparticles advance space exploration through multiple applications. Nanostructured materials provide enhanced radiation
protection through efficient particle scattering. Thermal control systems utilize phase-change nanoparticles for temperature
regulation. Propulsion systems benefit from nanoparticle additives that enhance fuel efficiency. Recent developments include self-
healing materials for spacecraft protection based on autonomous repair mechanisms [79].

5.5.4. Agriculture and food technology

Nanoparticles transform agricultural practices and food processing. Smart delivery systems enable controlled release of nutrients
and pesticides through environmentally responsive mechanisms. Nanoencapsulation technologies improve stability and
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bioavailability of essential nutrients. Nanosensors provide rapid detection of contaminants and pathogens in food products.
Advanced packaging materials incorporating nanoparticles extend shelf life through enhanced barrier properties and antimicrobial
activity [80].

5.5.5. Smart texctiles

Nanopatticle-enhanced textiles enable novel functionalities in wearable technology. Conductive fabrics incorporating metal
nanoparticles enable electronic integration and sensing capabilities. Phase-change materials based on nanoencapsulation provide
thermal regulation. Antimicrobial textiles utilize metal nanoparticles for sustained protection. Recent developments include self-
cleaning fabrics based on photocatalytic nanoparticles and energy-harvesting textiles through piezoelectric nanomaterials [81].

6. Conclusion

Nanopatticle synthesis methods, spanning chemical, physical, biological, and green routes, have enabled precise control over particle
characteristics, leading to tailored solutions across diverse applications. The integration of multiple characterization techniques has
established robust protocols for analyzing morphology, structure, and surface properties at the nanoscale. Significant advancements
in synthesis control and characterization have accelerated the development of application-specific nanoparticles, particularly in
biomedical, environmental, and industrial sectors. The scalability of production methods, coupled with enhanced process control,
has facilitated the transition from laboratory-scale synthesis to industrial manufacturing.
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