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Abstract

Green synthesis of nanoparticles using photosynthetic processes is gaining prominence as an environmentally friendly
substitute to conventional methods. This study focuses on understanding the mechanisms involved in the formation of
nanoparticles using plant extracts under light exposure. It highlights the role of natural phytochemicals and light energy
in initiating and controlling nanoparticle synthesis. Various analytical techniques—including UV-Vis, FTIR, XRD, SEM,
and TEM—were used to assess particle characteristics. Parameters such as light intensity, pH, precursor concentration,
and reaction time were examined for their impact on synthesis. The nanoparticles produced were further evaluated for
applications in medicine, catalysis, and environmental treatment. This work contributes to the field by offering a deeper
insight into the process and potential of photosynthesized nanoparticles.

Introduction:

Nanotechnology deals with materials and structures that are measured in nanometers. Living beings are composed of
one or more cells. These cellular structures are essentially nanometer in size. Nanotechnology is fundamental concerned
with designing, producing, and characterization of analyzing particles at the nanoscale [1]. Despite their tiny size, nano-
sized particles gathering as whole units with definite physical and chemical behaviors. The size of fine particles lies
between 100- 2500 nanometer, whereas ultrafine particles fall within 1-100 nanometer. Such designs can produce the
drug more efficient and increase its medical benefits [2]. Due to their large surface area, some chemicals groups can be
added, improving them connect with tumor cells. Their ability to converge in tumor areas, assuring option over
conventional therapies. Nanoparticles made from metals, semiconductors, and polymers are widely used for imaging at
the molecular level and targeted drug delivery [3]. The use of micelles, chitosan, silica nanoparticles and
polyethyleneimine liposomes is significant in drug delivery [4]. They have also found use in cancer treatment.
Essentially, nanotechnology is mainly concerned with developing artificial biological components and helping in protein
formation [5]. The review summaries the classification, methods of synthesis, uses, benefits, and challenges of
nanoparticles.

Nanoparticles provide more benefits compared to other delivery systems. Their small size helps nanoparticles can escape
from circulation and lodge in small blood vessels, improving their targeted delivery [6]. Furthermore, a large amount of
drug can usually be loaded into nanoparticles, or by trapping, mixing, or dissolving it, and this depends on how
nanoparticles are produced, which affects how drug is discharged. Liposome purpose effective carriers as they help
avoid drug degradation, targeted action, and reducing harmful side effects. However, despite their versatility, technical
issues like inconsistent results and limited stability have been analysts [7]. One major disadvantage of liposomes in drug
delivery is the tendency of the encapsulated drug to leak, which delays controlled discharged. Meanwhile, polymeric
nanoparticles are known for stabilizing therapeutic agents and permitting sustained release [8]. They are also categorized
by simple formulation processes, low excipient content, strong physical stability, and suitability for sustained release in
managing chronic illnesses. By modifying both the polymer composition and particle morphology, it’s possible to
achieve sustained and duration of drug release. According to Liversidge and Cundy, nanoparticles improved drug
availability by 77% over similar microsphere-based systems [9]. The nanoparticle platform has also been utilized
between various administration methods such as oral, nasal, injectable, and eye-based applications [10]. Some small
molecule drugs like, anticancer compounds, can be delivered orally through nanoparticle systems, which might not be
feasible via injections [11]. Nanoparticles are suitable as vaccine adjuvants and compromise benefits like improved
interactions with epithelial cells, promoting higher drug curiosity [12].

Classification of nanoparticles
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Nanoparticles Classification based on structural composition
Organic nanoparticles: Organic nanoparticles and non-toxic, organic nanostructures including liposomes and micelles
are used in drug delivery because of their core-shell structure and sensitivity to environmental and stimuli such as
temperature or light.
o Dendrimers: Dendrimers are synthetic nano polymers named Greek words for “tree” and “part”. They
have a controlled structure, uniform size, and a branched, globular shape [13].
o Micelles: Micelles formation occurs when amphiphilic molecules like soap organize with their
hydrophobic tails inner and hydrophilic heads outward, helps in cleansing [14].
. Liposomes: Liposomes are spherical nanoparticles made of phospholipid bilayers, used to carry active
compounds. They are commonly applied in pharmaceuticals, cosmetics, food, and agriculture for delivering
unstable substances [15].
Inorganic nanoparticles
Inorganic nanoparticles usually refer to those made from metals and metal oxides, without carbon-based systems.
o Metal based nanoparticles: Common metals such as gold, silver, and copper form nanoparticles with
distinct traits based on their shape, size, and surface features [16].
o Metal-oxide based nanoparticles: Metal oxide nanoparticles are produced by transforming metals into
oxides such as TiO», ZnO and Fe;O4, proposing better effective than their metal forms [17].

Carbon-based nanoparticles

Nanoparticles made decently from carbon are mentioned as carbon-based nanomaterials.
o Fullerene: The structure of fullerenes looks like a hollow ball, made from sp? hybridization, forming a
stable, conductive cage-like framework with wide purposes [18].
o Graphene: Graphene forms the base for fullerenes, graphite, and nanotubes, with sp? bonds providing
it high strength and conductivity [19].
o Carbon Nano Tubes (CNT): Carbon nanotubes are rolled graphene sheets, with monolayers being less
than. 0.7 nm wide and multilayers varying in length [20].
o Black carbon: Black nanocarbon ranges 20 to 70 nm and lacks crystallinity. As the agglomerate near
500nm, particles strongly interact and cluster [21].

Classification based on the size of nanoparticles

o Zero dimensional nanoparticles (0D): 0D nanomaterials are those with nanoscale size in all directions.
. One dimensional nanoparticle (1D): Nanorods, nanotubes, and nanowires descent under 1-D
nanomaterials with just one dimension below a nanometer.

o Two dimensional nanoparticles (2D): Two-dimensional nanomaterials such as nano coating and films
are wide, with one dimension extending outside nanoscale.

o Three dimensional nanoparticles (3D): With size control in every direction, 3D nanomaterials
maintenance applications like drug delivery, chemical reactions, and detection systems.

Methods of nanoparticles

Bottom-Up approach

Bottom-up synthesis uses atomic or molecular units to make nanostructures. It includes methods like sol-gel, chemical

vapor deposition, spinning, co-precipitation, and pyrolysis. This approach authorizes better precision in morphology and

composition than top-down techniques [22].
o Chemical vapor deposition: CVD produces nanomaterials by reacting vaporizes chemicals on a
surface. It confirms pure and similar films, with types like PECVD and atomic layer epitaxy. While effective
2D nanoparticles synthesis, it poses risks due to toxic and flammable precursors and high processing costs [23].
o Sol-gel method: The sol-gel process generated nanoparticles by changing liquid precursors into solid
gels through hydrolysis and condensation. This method provisions low-temperature synthesis, suggesting
control over particle morphology, porosity, and purity ideal for ceramics, glass, and coating applications [24].
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o Pyrolysis: Pyrolysis is used for industrial-scale nanoparticle synthesis. It involves burning precursors

at high temperatures to form nanoparticles, it can also be done with flames or laser-based systems [25].

. Co-precipitation: The solvent displacement method is wet chemical method where a polymer dissolved
in solvents like ethanol or acetone spreads into a non-solvent, producing nanoparticle formation through
interfacial pressure [26].

Top-Down approach
Top-down method reduce large materials into nanosized particles. They are suitable for tough materials but cannot
precisely control particle shape or size. Common techniques include milling, laser ablation, sputtering process, thermal
decomposition, and nanolithography.
o Laser ablation: Laser ablation forms nanoparticles by vaporizing solids with lasers in an inert gas. As
the vapor cools, clusters form, subsequent in nanomaterials such as core-shell particles and nanotubes [27].
o Nanolithography: Nanolithography tolerates precise nanopatterning (1 to 100 nm) through techniques
like electron-beam and imprint lithography. It’s accurate and efficient but costly [28].
o Sputtering Process: Sputtering forms nanoparticle layers by knocking atoms off a solid using ions.
These atoms coat other surfaces and influenced by other type and processing conditions [29].
o Thermal decomposition: Heat-induced thermal decomposition forms stable, uniform nanoparticles. It
is decent for scaling up but limited in versatility through different metal systems [30].

Green synthesis of nanoparticles
Green technology uses organisms to biosynthesize nanoparticles, recommending a non-toxic, eco-safe alternate to
conservative methods.
o Synthesis using plant extract: Nanoparticles can be made using plant extracts, which react with metal
salts rapidly. This process is affected by extract type, concentration pH, temperature, and duration [31].
o Bacterial synthesis of nanoparticles: Bacteria synthesize silver and gold nanoparticles also inside or
outside their cells by reducing metal ions, frequently consuming enzymes, constructing them natural nano-
factories for green nanoparticle production [32].
o Synthesis by Fungi: Fungi are widely used in the synthesis of metallic nanoparticles because of their
remarkable metal-accumulating capacity, strong metal ion binding ability, and cellular behavior similar to
bacteria. These characters make them ideal for bioreduction processes [33].
o Synthesis by Yeast: Nanoparticles produced using yeast are non-toxic and present strong biological
properties, such as antibacterial, antiviral, and anticancer effects. Their mode of action commonly involves
oxidative pressure induction, metabolic disruption, and interaction with cellular membranes [34].
o Synthesis by Algae: Functional biomolecules including peptides, pigments, and polysaccharides
certainly present in algae act as reducing and stabilizing agents to originate nanoparticle formation [35].

Characterization of nanoparticles

Nanoparticles are commonly studied using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), UV-visible spectroscopy, Fourier Transform Infrared (FTIR), Atomic Force Microscopy (AFM), Dynamic Light
Scattering (DLS) and X-ray diffraction to control their size, shape, and surface structure at the nanoscale level [36].

Nanoparticle size: Nanoparticle size and structure, generally measured through electron microscopy, play a crucial role
in drug delivery. Tiny particles release drugs earlier due to larger surface area; however larger ones enable deeper drug
loading but slower release. Particle size also contributes to the rate of polymer analysis [37].

Surface Charge: Nanoparticle surface area, calculated by BET or NMR, which impacts their properties. Surface charge,
fundamental for stability and interaction, is measured using zeta potential in liquid DMA in gases [38].

UV-visible: UV-visible spectroscopy is widely used to differentiate nanoparticles via their surface plasmon resonance
(SPR), which occurs from collective electron oscillation in metal nanoparticles. This technique helps monitor synthesis,
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optical behavior, and stability. Each nanoparticle type shows exclusive peaks, such as silver (417-448 nm) and CuO
(236-670 nm) [39].

Fourier Transform Infrared (FTIR): FTIR spectroscopy is used to identify functional groups and compounds
concerned with nanoparticle stabilization. Variations in spectra signify compositional changes. Its set up involves an IR
source, interferometer, and detector linked to a processing system [40].

Scanning Electron Microscopy (SEM): SEM is commonly used to characterize the surface structure and morphology
of nanoparticles. The process includes drying the sample, coating it with a conductive layer (commonly gold), and
scanning it with a focused electron beam. The resultant images, produced from secondary electron emission, enable
specified observation of shape and surface characteristics. Despite its resolution advantages, SEM cannot precisely
reflect the average size or distribution within large populations, and the vacuum environment may damage sensitive
polymer-based nanoparticles. Hence, SEM is often accompanied by other size-determining techniques like DLS [41].

Transmission Electron Microscopy (TEM): TEM provides high resolution internal imaging by transmitting electrons
through thin samples and discloses internal structure. Samples are stained or frozen to confirm stability under the electron
beam [42].

Atomic Force Microscopy (AFM): Atomic Force Microscopy (AFM) is a precise imaging technique that scans surface
at the nanoscale using analysis that cooperates with the sample through physical or non-contact modes. It can seize
topographical data with atomic precision, making it highly effective for analyzing nanoparticle size and structure. AFM
is mainly suitable for soft, non-conductive materials like biological tissues and polymers, involving no conductive
coating. It provides accurate particle size and distribution data that reflect the true morphology of the sample [43].

X-ray diffraction (XRD): XRD is used to determine crystallinity and estimate nanoparticles size. Peaks at specific
angles reflect atomic arrangements. The Debye-Scherrer equation was used to calculate crystallite size of 47 nm for Ag
nanoparticles derived from A. haussknechtii.

[44]

Dynamic Light Scattering (DLS): DLS processes nanoparticle size in solution by analyzing fluctuations in scattered
light caused by particle motion. It deals with rapid consequences, while sizes are generally bigger than those seen in
TEM, reflecting the dynamic nature of particles in fluid [45].

Properties of nanoparticles

Surface Properties: When bulk materials are decreased to the nanoscale, their total volume remains constant, but
surface area increases significantly. This raises the surface-to-volume ratio, producing much atoms available at the
surface. As a result, nanoparticles exhibit high surface energy, increased reactivity, and reduced melting points [46].

Electronic and optical properties: The optical behavior of nanoparticle changes from bulk materials because of
quantum confinement and LSPR, as size decreases, energy levels become isolated, involving higher energy (shorter
wavelength) for excitation. These consequences in size-dependent color changes. Noble metal nanoparticles displayed
LSPR, where collective electron oscillations produce sharp absorption bands and improved light scattering, useful in
sensing and imaging [47].

Magnetic Properties: Nanoparticles show different behavior related to bulk material, frequently due to transformed
electron distribution and synthesis methods. Their magnetization curves shift with size, producing them suitable for
targeted applications in medicine, catalysis, and environmental elimination. Magnetic nanoparticles are most applicable
between 10 to 20 nm in size [48].

Superconductivity: Superconductivity involves zero resistance and perfect diamagnetism below a critical temperature.
Since its innovation in 1911, it has permitted technologies like MRI and superconducting magnets. However, its function

is limited bz temperature and magnetic fields [49].
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Mechanical Properties: Mechanical properties such as friction and elasticity in nanoparticles are size-dependent and
improved by coatings or surface interactions. This behavior is crucial in surface engineering and advanced material
design [50].

Thermal Properties: Thermal behavior of nanoparticles changes as their size decreases. The increased surface area
helps transfer heat economically. In liquids, they increase thermal conductivity through micro-convention. These
particles often have higher heat capacity and lower melting points than bulk materials due to phonon effects and surface
energy changes [51].

Antimicrobial Properties: Green-synthesized nanoparticles using light, such as Ag or TiO», interact with bacteria across
different pathways. Their small size enters cells and release ROS that terminate fundamental cell parts. These properties
are examined using common lab assays and show potential in healthcare and antibacterial materials [52].

Antioxidant properties: The antioxidant properties of plant-based nanoparticles originate from natural compounds on
their surface during light synthesis. These stabilize the particles and help them conflict free radicals. Their activity is
measured by standard analyses such as DPPH and FRAP. They are widely used in medicine, food preservation, and
cosmetics [53].

Catalytic Properties: Green-synthesized nanoparticle present strong catalytic activity in classification pollutants like
rhodamine B and methylene blue. Their efficiency is increased by sunlight-induced electron movement and surface
phytochemicals that increase stability [54].

Application of nanoparticles
Nanoparticles are used in different field like healthcare, cosmetic, food industry, medicine, drug delivery, textiles,
electronics, etc due to their small size and large surface area, which develop their properties throughout bulk materials.

Medicine: Medicinal use of nanoparticles such as imaging and targeted therapies. Iron oxides specify magnetic benefits,
silver compromises antimicrobial affects, and gold aids cancer treatment. Biodegradable nanoparticles enable controlled
drug release, increasing treatment efficiency [55].

Drug delivery: Due to their optical traits and biocompatibility, gold nanoparticles are used in cancer treatment, imaging,
and drug delivery. Coordinated drug discharge can be constant or produced by pH, enzymes, or light. ZnO targets cancer
cells, Cu shows antimicrobial potential, and Ag is used in medical materials [56].

Healthcare: In healthcare, nanotechnology allow specific drug delivery, imaging, and diagnostics. Nanoparticles can
release drugs when produced by chemical or physical signals, with gold, titanium, and magnetic types being common.
Polymeric combinations improve affecting, particularly in cancer therapy using gold and silver nanocarriers [57].

Cancer therapy: Photodynamic therapy uses laser light to produce cytotoxic oxygen that targets cancer cells. These
cells captivate more photosensitive dye than healthy ones, produce more susceptible. Moreover, the dye accumulates in
sensitive tissues, affecting light sensitivity for weeks. To reduce light sensitivity, the dye is surrounded in porous Ormosil
nanoparticles. This confines the dye while preserving oxygen production through 1 nm pores [58].

Textile industry: The textile industry has contained nanotechnology to increase textile quality and performance. By
inserting materials and nanoscale fibers, textiles develop new properties like improved durability and reliability.
Polymeric coatings promote resistance and functionality during processes like dyeing and finishing [59].

Catalysis: Platinum, palladium, nickel, and iron nanoparticles play vital roles as catalysts, enabling efficient chemical
transformation like hydrogenation and oxidation. Their ability to purpose at lower temperatures makes them valuable in

industrial aBBIications [60].
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Biosensing: Nanoparticles are fundamental in electrochemical sensing, with gold and platinum improving biosensor
accuracy. They are used in diagnostics through modified electrodes and nanostructures such as gold-liposomes and gallic
acid-based nanoflowers, accompanying methods like SERS and SPR [61].

Fertilizers: Nano fertilizers deal improved nutrient efficiency and plant growth potential, helps by elements like silver
and aluminium. Although, their performance is not always superior to regular fertilizers, and constant assessment is
necessary to address safety and environmental concerns [62].

Electronics: The use of nanoparticle-based managing in printed electronics allows the conception of flexible, low-cost
devices. Semiconducting and metallic nanostructures propose ideal properties for modern electronics, authorized by
bottom-up and self-assembly methods [63].

Conclusion

This review emphasizes photosynthetic nanoparticle synthesis as a green, sustainable alternate to conventional chemical
methods. Emphasis is placed on characterization, low toxicity, and general applications through fields such as medicine,
drug delivery, healthcare, and electronics. Potential work should focus on scalability, reproducibility, and specific
mechanisms to help practical use. The role of plant-derived compounds in defining and stabilizing nanoparticles needs
more detailed analysis. The final properties of nanoparticle can vary a lot with small changes in effects such as pH, heat,
or salt can harm major change in the nanoparticle produced. To achieve consistent and efficient outcomes, these factors
must have study completely. Future studies should focus on their behavior in real conditions, including human biology,
and consider how well they store and remain stable overtime.
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