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ABSTRACT

Nanotechnology has changed many fields by allowing scientists to work with
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matter at the atomic and molecular levels. NPs including metal (e.g., Ag, Au),
metal oxide (e.g., ZnO, FeO), polymeric (e.g., PLGA), and carbon-based (e.g.,
carbon nanotubes), have special chemical, biological, and physical properties.
This review paper discusses a lot of detail about making and improving
nanoparticles, guided by the 12 principles of green chemistry ideas to make
sure they are safe for living things and last for a long time. Traditional synthesis
methods, employ toxic chemicals and use a lot of energy. Green synthesis
methods, on the other hand, use microbes, plants, or materials inspired by
biology to synthesize NPs. These environmentally friendly methods use

renewable resources in a controlled setting to make biocompatible NPs with as
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little influence on the environment as possible. This review paper talks about
how to change the size, shape, and surface chemistry of NPs using optimal
reaction conditions and advanced characterization techniques. It focusses on

groundbreaking uses in bioimaging, giving medicine, antimicrobial agents,
cancer treatment, regenerative medicine, cleaning water, and food safety,
among other fields of the life sciences, healthcare, and public health. They offer
a lot of potential to help solve global challenges and pave the way for a future
of nanotechnology that is both creative and sustainable.

Citation: Shahryar M, Tabassum R, Saleem R, Ramzan A, Tarig AM. Nanoparticle fabrication and optimization: green chemistry to
transformative applications in life sciences, medicine, and public health. Chron Biomed Sci. 2026;3(1):72. Available from:
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Introduction

1. Nanotechnology and Nanoparticles

Imagine a world where nanoparticles, engineered at scales
as small as 1-100 nanometers in one dimension,
revolutionize healthcare, energy, and environmental
sustainability in coming future. Nanotechnology, an
emerging and advanced field of manipulation of matter at

atomic, molecular, and supramolecular scales to generate
nanoparticles (NPs) that are valuable for scientific and
technological innovations. NPs manifest a variety of
physical, chemical and biological properties as compared
to their bulk counterparts [1,2]. These distinct properties
are due to their very minute size, high surface-to-volume
ratio and unique interaction with electricity, magnetism,
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and light. The numerous applications of the NPs depend
on the potential of how we optimize and the synthesis NP
[3.4].

The revolutionary concept comes from Richard
Feynman’s visionary speech, "There's Plenty of Room at
the Bottom." This gives the idea to scientists to
revolutionized world by manipulating atoms, molecules
and supramolecules to create potentially beneficial
particles that unshared a new era of scientific research
[5,6]. Subsequently, the field had developed various
advanced methods of preparation of NPs, and
sophisticated methods for characterization like the
scanning tunneling microscope (STM) and atomic force
microscope (AFM), and robust theoretical frameworks.
The revolutionary evolution of nanotechnology has
changed form a hypothetical idea to a palpable and
impactful area of research having application in the field
of healthcare, energy production, and environmental
remediation due to its composition [7,8,9].

The synthesis of NPs is crucial in defining the size, shape,
stability, and surface chemistry of the particles which in
turn, greatly influence its performance, effectivity and
safety in various applications [10]. The traditional
methods of synthesis of NPs had produced effective and
useful NPs but these methods of synthesis demand
intensive conditions, involve toxic chemicals, require
significant energy, and produce perilous by-products such
as physical vapor deposition and chemical reduction
method [11,12]. These types of concerns like those of
health and environment have resulted in essential
paradigm shift on the way to green chemistry principles.
In nanotechnology, NPs are synthesized utilizing the
renewable resources, the solvents that are safe to use and
involving the techniques that are energy-efficient. For the
development of environment friendly and sustainable
NPs, this shift is crucial [1,13].

This review article explores how the nanotechnology is
involved in various novel applications in the field of
public health, medicine, and the life sciences, and also the
sustainable methods for the synthesis of NPs, and
strategies for managing NPs qualities in environmentally
conscious way. Moreover, this review precisely analyzes
the intricate link between synthesis, inherent properties,
and practical applications, providing a holistic
understanding of the immense potential of green-
synthesized nanoparticles [14,15,16]. By highlighting
how these eco-friendly materials can address significant
global challenges, the review underscores their role in
shaping a sustainable future for nanotechnology. It serves
as an invaluable resource for students, professionals, and

researchers seeking to understand and contribute to the
advancements in sustainable nanotechnology, integrating
the latest research and technical breakthroughs.

2. Principles of Green Chemistry in Nanoparticle
Fabrication

Some of the physical and chemical methods that have
been utilized in the past to make nanoparticles are
chemical reduction, sol-gel processes, and vapour
deposition. These procedures work, but they are very
risky for people and the environment because they
involve scorching temperatures, toxic solvents, and
harmful reducing agents. Because of this, the ideas behind
green chemistry have become a model for making
nanoparticles in ways that are good for the environment
and last a long time [17,18].

The 12 Principles of Green Chemistry: A Nanotechnology
Perspective

The 12 principles of green chemistry can help us think
about making nanoparticles in a way that is better for the
environment and the economy as described in the Fig. 1.
[19].

e Prevention: The easiest way to reduce our impact on
the environment is to not throw away things in the
first place. For example, using microorganisms or
plant extracts as reducing and capping agents is better
for the environment because it cuts down on waste
and gets rid of the need for toxic chemical reductants.

e Atom Economy: The atomic economy says that
synthetic processes should use inputs as little as
feasible in the final product to get the most out of
them. Chemical synthesis methods sometimes create
a lot of trash, while green synthesis methods of NPs
[20,21].

e Less Hazardous Chemical Syntheses: To make green
nanoparticles safer for workers and the environment,
plant-based polyphenols or microbial enzymes are
used instead of toxic chemicals like hydrazine or
sodium borohydride [22].

e Designing Safer Chemicals: When making
chemicals, it's crucial to think about how hazardous
they are and how useful they are. This is true for both
the nanoparticles and the chemicals employed to
make them. For example, adding biocompatible
coatings from natural sources to green-synthesized
nanoparticles makes them better for usage in
biomedical applications [23].
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Safer Solvents and Auxiliaries: To make the
procedure safer, it is important to cut back on or stop
using solvents and other chemicals that could be
dangerous. Green synthesis uses less volatile organic
compounds (VOCs) and other traditional methods by
replacing toxic solvents with water or plant extracts
for synthesis of NPs [24].

Design for Energy Efficiency: Many green synthesis
methods for NPs synthesis, such as plant-mediated or
microbial synthesis, occur under mild conditions,
significantly reducing energy consumption compared
to high-temperature chemical or physical methods
[25].

Use of Renewable Feedstocks: Raw materials should
be renewable whenever possible. Green synthesis of
NPs leverages renewable biological resources, such
as plant biomass, agricultural waste, or microbial

real time to stop the creation of dangerous chemicals.
Due to in-situ characterization technologies like UV-
Vis spectroscopy, researchers can now see how
nanoparticles are made and change the settings to
avoid unwanted by-products [34,35].

Inherently Safer Chemistry for Accident Prevention:
The chemistry used in synthesis should be safer by
nature, which should lower the risk of chemical
accidents like leaks or explosions during the NPs
synthesis [36,37].

Advantages of Green Synthesis over Conventional
Methods

Green

synthesis is the best technique to do

nanotechnology that is good for the environment because
it has so many advantages over more traditional physical
and chemical methods [38]:

cultures, instead of finite petrochemical-based e Reduced Toxicity and Environmental Impact: Green
precursors, promoting sustainability [26,27] synthesis is better for the environment because it
Reduce Derivatives: Unnecessary derivatization doesn't utilize hazardous solvents and reagents, which
steps, such as protection and de-protection, should be makes the production of nanoparticles far less
avoided to minimize reagent use and waste. Green harmful. Plant-mediated synthesis doesn't use sodium
synthesis often employs one-pot, single-step borohydride or other chemicals that could be
reactions, simplifying the process and reducing the damaging to the environment. This helps keep waste
need for multiple purification steps for NPs streams cleaner and reduces damage to the
fabrication [28,29]. environment [39,40].
Catalysis: Catalytic reagents are preferable to e Cost-effectiveness and Energy Efficiency: Green
stoichiometric ones due to their efficiency and synthesis methods usually work at room temperature,
selectivity. In green synthesis, enzymes or so they don't need machines or processes that use a lot
phytochemicals often act as natural catalysts, of power or need to be very hot [41].
facilitating efficient reduction of metal ions and e Simplicity and Scalability: A lot of green synthesis
minimizing reagent use [30,31]. methods are one-pot, one-step procedures. This
Design for Degradation: Nanoparticles should be makes manufacturing easier, improves re peatability,
designed to degrade into non-toxic products after and makes scaling up easier [42].
their functional lifespan to prevent environmental e Biocompatibility:  Nanoparticles made  using
persistence. Green-synthesized nanoparticles often biological agents are more biocompatible because
incorporate biodegradable coatings, ensuring they they often include natural coverings of biomolecules
break down harmlessly in the environment [32,33]. like proteins or polysaccharides [43,44].
Real-time Analysis for Pollution Prevention:
Synthesis processes can be watched and managed in
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Biological things are utilized as stabilizers and reducing
agents in green synthesis methods, which make
nanoparticles in different ways as shown in Table 1.

e Plant-mediated Synthesis: Plant-mediated synthesis,
or photosynthesis, is a widely adopted green approach
that utilizes plant extracts or biomass to synthesize
nanoparticles. This method involves mixing an
aqueous plant extract with a metal salt solution,
leading to the rapid formation of nanoparticles
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synthesis of silver, gold, copper oxide, and zinc
oxide. For instance, Aloe wvera, rich in
polysaccharides and phenolic compounds, is
commonly used to synthesize silver and gold
nanoparticles. Camellia sinensis (green tea) extract,
abundant in catechins, is effective for producing
metal and metal oxide nanoparticles. These
nanoparticles have different properties because of the
biochemical makeup of the plants used to make them.
Eucalyptus globulus, Cinnamomum zeylanicum, and
Azadirachta indica (Neem) are some of these plants

through reduction and stabilization processes [45,46]. [50].

e Mechanism of Synthesis: The phytochemicals in plant e Advantages and Limitations: Plant-mediated
extracts,  including  flavonoids,  terpenoids, synthesis is easy, cheap, and good for the
polyphenols, alkaloids, and proteins, serve as environment, as long as you stay away from toxic
reducing agents, converting metal ions (e.g., Ag+, chemicals and harsh conditions. Nanoparticles that
Au3+) into metallic nanoparticles (Ag0, Au0). These are made are often safe to utilize in biomedicine since
biomolecules also act as capping agents, stabilizing they are biocompatible. However, variations in
the nanoparticles and preventing aggregation. The nanoparticle qualities caused by differences in
efficiency of reduction and the stability of the phytochemical content due to ambient conditions or
resulting nanoparticles depend on the phytochemical extraction techniques can make it hard to reproduce
profile, which varies by plant species, part used and standardize results [51,52].

(leaves, roots, fruits), and extraction conditions e Microorganism-based Synthesis: Biosynthesis, which
[47,48,49]. uses microorganisms like bacteria, fungi, algae, or

e Examples of Plants and Nanoparticles: Numerous yeast, can be used to synthesize nanoparticles either
plant species have been explored for nanoparticle within the cell or in extracellular space.

Table 1: Summary of the types of green-synthesis of NPs
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Sl\z/:tt:;jls Biological Agent Key Features Advantages Limitations Citations
Uses Variability in
Plant extracts (e.g., hytochemicals for Simple, cost- phytochemical
Plant-mediated | Aloe vera, green Ee duction and effective, composition, [53,54]
tea) e . biocompatible challenges in size
stabilization
control
. . Bacteria, fung, . Enzymatlc Precise control, | Slower reaction
Microorganism- | algae (e.g., E. coli, reduction, ;
. . scalable via rates, complex [39,55]
based Fusarium intra/extracellular . .
. fermentation purification
oxysporum) synthesis
Mimics natural Replicates natural Advanced Complex design,
Bio-inspired biomineralization processes for control, multi- early-stage [56,57,58]
(e.g., diatoms) precise morphology | functional NPs development

Role of Microbes: Microbes use metabolic or
enzymatic processes to lower the amount of metal
ions, which lets them make nanoparticles. Proteins,
polysaccharides, and enzymes like nitrate reductases
slow down the reduction process and stop the
nanoparticles that come out of it from sticking
together. Biomolecules that are secreted and parts of
the cell wall also help stabilize things [59,60].
Specific Examples: Bacillus subtilis and Escherichia
coli are two typical types of bacteria used to make
gold and silver nanoparticles. Fungi like Aspergillus
niger and Fusarium oxysporum can make metal and
metal oxide nanoparticles very well because they
secrete a lot of enzymes. Using algae, like Chlorella
vulgaris, to make nanoparticles is good for the
environment [61,62].

Pros and Cons: Microbial synthesis lets you manage
the size and shape of nanoparticles gently, and
fermentation makes it possible to make things on a
huge scale. It can be hard to clean up microbiological
broths, and occasionally the response rates are slower
than those of chemical methods [63,64]. Further
challenges include handling the risk of contamination
and keeping sterile environments.

e Bio-inspired and Biomimetic Synthesis: The shape
and properties of NPs can be changed via bio-inspired
and biomimetic synthesis, which copies how minerals
form in nature. This method's purpose is to make
inorganic materials in the same complicated way that
living creatures do.

Magnetotactic bacteria and diatoms are two types of

organisms that make magnetic nanoparticles and complex

silica structures, respectively, in ways that are similar to
how things happen in nature [65]. By looking at the
environmental cues and molecular interactions that
control these processes, scientists can make synthetic
pathways that work as well and as accurately as nature

does [66].

Diatoms' nanoscale accuracy in creating silica shells and

magnetotactic bacteria’s-controlled manufacturing of

magnetite nanoparticles are two instances of natural
events. Biomineralization examples discovered in
mollusks shells and coral structures inspired nanoparticles

with hierarchical structures and several functions [67].

The idea that bio-inspired synthesis may make high-tech

nanoparticles with certain properties is fascinating since

Table 2: Summary of Effect of Reaction Parameters on Nanoparticle Morphology

. Effect on Effect on Optimization o .
Parameter Effect on Size . P Citation
Shape Stability Strategy
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Higher temp: Influences .
smaller NPs due shape (e.g High temp may Optimize temp range
Temperature = cause . . [65,68,37]
to faster rods at higher . for desired size/shape
. aggregation
nucleation temp)
Affects reduction | Directs shape Alters surface .
. . Adjust pH to enhance
pH rate, smaller NPs | (e.g., spherical | charge, impacts . . [69]
. . reduction/stability
at optimal pH at neutral pH) aggregation
Higher precursor: . .
. smaller NPs; Affects_ Optimal ratio Use DoE/RSM for
Concentration ] nucleation vs. prevents . [70]
excess extract: rowth aaareqation precise control
larger NPs g goreg

it could lead to new discoveries in areas of materials
science, catalysis, and medicine [71].

3. Optimization of Nanoparticle Properties through
Green Methods

The size, shape, surface chemistry, and stability of
nanoparticles all affect how effectively they operate in
particular situations.

Controlling Size, Shape, and Surface Chemistry: The
size, shape, and surface chemistry of nanoparticles
have a big effect on their optical and electrical
properties and how they interact with living things. It
is very important to know the pH, temperature,
concentration of precursors, and reaction time in
order to figure out morphology. The pH of the
reaction mixture affects the ionization states of
biomolecules, which in turn affects their ability to
reduce and cap. Temperature has an effect on reaction
kinetics, and as the temperature rises, particles often
get smaller and more uniform. The size and grouping
of particles are affected by the reaction time, and the
concentrations of the precursors and extracts govern
the rates of nucleation and growth [72]. pH,
temperature, and concentration can be adjusted to
attain certain synthesis results. For example,
changing the pH can change the shape of
nanoparticles from round to triangular to rod-shaped.
In addition to the temperature, the precursor ratio
must also be controlled to stop aggregation and ensure
monodispersity [17,21]. Nanoparticles made from
plants usually have natural biomolecules on their
surfaces that help them stay stable at first. Polymers
(like PEG and chitosan) or targeting ligands (like
antibodies and peptides) can make the material even

more useful by making it more stable, biocompatible,
and selective for things like imaging or drug delivery
[13,73].

Role of Reaction Parameters: Parameters’ optimizing
reaction is perilous for achieving reproducible, high-
quality NPs. Temperature, pH, and concentration are
the most persuasive factors as showed Nucleation and
reduction at higher temperatures usually make
smaller particles, while slower nucleation at lower
temperatures can make larger particles. The right
temperature ranges balance these changes so that the
right size and form are reached [39,38]. pH affects
how well metal precursors dissolve and how well
biomolecules can reduce and cap. Some pH values are
used to stabilize nanoparticles by changing their
surface charge and stopping them from sticking
together, or to make reduction more effective [54,65].
The concentration, which is the ratio of the biological
agent to the metal precursor, has an effect in Table 2.
The best ratios make sure that reduction and
stabilization happen quickly. On the other hand,
higher precursor concentrations can make smaller
particles since there are too many reducing agents
[49]. Statistical tools like the Design of Experiments
(DoE) and the Response Surface Methodology
(RSM) make it possible to systematically improve
these factors. These approaches look at how different
variables affect each other and how they work
together to identify the best conditions for
maximizing yield, monodispersity, and other traits
[64].

Characterization Techniques: To make sure that
nanoparticles are made, find out what they are like,

Shahryar et al.

Chron Biomed Sci 2026

Vol. 3

No. 1 Article ID 72 6 of 15




and figure out how they may be used, they need to be
fully characterized as follow:

o UV-Visible Spectroscopy (UV-Vis):
Ultraviolet-visible spectroscopy (UV-Vis)
can find surface plasmon resonance (SPR)
bands to make sure that nanoparticles,
notably metals like gold and silver, have been
made. The position and strength of the SPR
peak show the shape, size, and concentration
[10].

o Dynamic Light Scattering (DLS): Dynamic
light scattering (DLS) is one approach to
check aggregation and stability. It does this
by measuring hydrodynamic size and
polydispersity in  solution. The size
distribution data it gives is a good addition to
other methods [59].

o Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM):
Scanning electron microscopy (SEM) and

transmission electron microscopy (TEM):
SEM displays how surfaces are shaped and
where they are, whereas TEM exhibits
nanoparticles in great resolution, including
their size, shape, and crystallinity. Both are
needed for morphological analysis [40].

o X-ray Diffraction (XRD): X-ray diffraction
(XRD) can tell you the size of crystallites, the
purity of the phase, and the structure of the
crystals. The Scherrer equation uses peak
broadening to figure out the size of
crystallites [65].

o Fourier Transform Infrared Spectroscopy
(FTIR):  Fourier  Transform Infrared
Spectroscopy (FTIR) can show which
functional groups are on the surfaces of
nanoparticles when biomolecules from plant
extracts or microbial cultures are present and
help keep them stable [41].

Optimization of Nanoparticle Properties through Green Methods

Key Factors lufluencing Morphology —

Bﬁl@

Temperature  Precusor Reaction
Concentration Time

@@

Spherical Triangular Rod-Shaped
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T T 1
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Enhancing Stability and Biocompatibility: Before
nanoparticles manufactured from  sustainable
resources can be utilized in the real world, they need
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Surface Functionalization -
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Figure 2. Schematic illustration showing how green synthesis parameters, including pH, temperature, precursor
concentration, reaction time, and surface functionalization, govern the morphology, stability, and optimization of
nanoparticles.
to be stable and safe for living things to use. This is
especially important in medicine [39]. Natural
biomolecule coatings provide the surface its first
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stability, but PEG or chitosan coatings make it more
stable in the long term under physiological situations.
These coatings lower protein adsorption, stop
aggregation, and lengthen circulation duration
[28].The nanoparticles' integrity is affected by how
they are stored, including the temperature and light
exposure, as well as the choice of solvent. By making
nanoparticles that break down and improving storage
methods, they can stay stable until they are needed,
and then they can be safely broken down [50].

4. Transformative Applications in Life Sciences
Nanoparticles made in a more environmentally friendly
method are changing the life sciences since they have
unique properties and are safe for living things. They are
used in many different imaging and diagnostic tests, as
well as in medicine administration and ways to Kkill
microorganisms [66]
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Figure 3. Overview of major

life-science applications of nanoparticles,

Bioimaging and Diagnostics (In-vitro and In-vivo
Imaging):  Nanoparticles make diagnostics and
bioimaging better because they are more sensitive,
specific, and have higher resolution than more traditional
methods. Fluorescent nanoparticles, like quantum dots,
give off steady and bright fluorescence. This makes it
possible to use them for imaging both in vitro and in vivo,
such as cellular tracking and multiplexed imaging. Gold
nanoparticles used for optical methods like photoacoustic
imaging and surface-enhanced Raman scattering.
Magnetic  nanoparticles like iron oxide make
inflammation or tumors easier to see by making the MRI
contrast stronger [23]. Functionalized nanoparticles can
be used to find cancer, infectious diseases, and
neurological problems early since they can target disease-
specific biomarkers. One example is the use of gold
nanoparticles with antibodies attached to them. These
nanoparticles improve the accuracy of tests by finding
cancer biomarkers at very low levels [58].
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including bioimaging and diagnostics,

environmental and food safety monitoring, targeted drug and gene delivery, and antimicrobial technologies.

Biosensors for Environmental and Food Safety: detection of environmental pollutants and food
Nanoparticle-based biosensors provide rapid, sensitive contaminants.
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e Pollutant Detection: Carbon nanotubes, graphene,
and metal nanoparticles detect heavy metals,
pesticides, and pathogens in water, soil, and air. Gold
and silver nanoparticles enable colorimetric and
electrochemical sensing [45].

e Real-time Monitoring: Portable nanosensors facilitate
on-site  environmental  assessment,  detecting
pollutants like volatile organic compounds or bacteria
in real time [30].

e Agricultural and Food Applications: Nanosensors
detect plant diseases, soil nutrients, and foodborne
pathogens, while smart packaging with nanosensors
monitors food freshness, reducing waste [72].

Drug and Gene Delivery: Nanoparticles overcome

limitations of conventional drug delivery, such as poor

solubility and systemic toxicity, by enabling targeted
delivery and controlled release.

e Targeted Delivery: Passive targeting via the EPR
effect and active targeting with ligands ensure precise
drug delivery to diseased tissues, reducing side
effects. For example, antibody-functionalized
nanoparticles target cancer cells overexpressing
specific receptors [17].

e Overcoming Biological Barriers: Nanoparticles
protect drugs from degradation and facilitate passage
through barriers like the blood-brain barrier, enabling
treatment of neurological disorders [49].

Examples of Carriers:

e Liposomes: Encapsulate hydrophilic and hydrophobic
drugs, with clinical formulations like Doxil, a
liposomal formulation of doxorubicin.

e Polymeric Nanoparticles: Made from biodegradable
polymers (e.g., PLGA, PLA), these nanoparticles
offer tunable release kinetics for small molecules and
nucleic acids.

e Dendrimers: Highly branched, monodisperse
polymeric nanoparticles with a well-defined
structure, offering multiple surface sites for drug
conjugation and targeting ligands.

e Inorganic Nanoparticles: Gold, silica, and magnetic
nanoparticles enable photothermal therapy and
guided delivery.

Antimicrobial Agents: Nanoparticles offer potent
antimicrobial activity, addressing the global challenge of
antibiotic resistance. Silver, copper oxide, and zinc oxide
nanoparticles exhibit broad-spectrum activity against
bacteria, fungi, and viruses. Their mechanisms include
membrane  disruption, reactive  oxygen  species
generation, and interference with DNA replication [20].
Nanoparticle coatings on catheters, implants, and textiles
prevent infections and biofilm formation, improving
patient outcomes and hygiene [68].

5. Revolutionary Impact on Medicine

Nanomedicine leverages nanoparticles to advance
diagnostics, therapeutics, and regenerative strategies,
offering precision and efficacy in addressing medical
challenges.

Targeted Cancer Therapy: Nanoparticles transform
cancer therapy by enabling targeted drug delivery and
physical therapies like hyperthermia. Nanoparticles in
precision medicine can target cancer cells while causing
as little damage as possible to healthy tissues. This is
possible because of active targeting or the EPR effect.
Theranostic nanoparticles combine testing and treatment
for personalized care [59]. Drug delivery methods like
liposomes, polymeric  micelles, and inorganic
nanoparticles are used to make chemotherapeutic
treatments, gene therapies, and immunomodulators work
better and have fewer adverse effects. Doxil is a liposomal
form of doxorubicin that lowers the drug's toxicity to the
heart without lowering its ability to fight cancer [43].

Regenerative Medicine and Tissue Engineering:
Nanoparticles enhance tissue regeneration by providing
scaffolds and delivering growth factors [27].
Nanoparticle-incorporated ~ scaffolds ~ mimic  the
extracellular matrix, promoting cell adhesion and
differentiation for bone, cartilage, and skin regeneration
(wound healing). For instance, electrospun nanofiber
scaffolds containing bioactive nanoparticles can guide the
regeneration of bone, cartilage, nerve tissue, and skin
[48]. Nanoparticles serve as efficient carriers for the
controlled release of growth factors, cytokines, and
genetic material (e.g., genes, siRNAs) that promote cell
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differentiation and tissue repair.  Furthermore,
nanoparticles are being used to enhance the survival,
proliferation, and differentiation of stem cells, making
stem cell-based regenerative therapies more effective.
They can also facilitate the targeted delivery of stem cells
to specific damaged tissues [67].

Medical Implants: Nanoparticle coatings improve the
performance of medical implants by reducing infections
and enhancing integration [63]. Nanoparticle coatings on
medical implants (e.g., orthopedic implants, dental
implants, cardiovascular stents) can significantly reduce
the risk of bacterial colonization and subsequent biofilm
formation. Antimicrobial nanoparticles like silver,
copper, or titanium dioxide can be incorporated into the
coating to provide sustained antimicrobial activity [71].
Coatings must be non-toxic, non-immunogenic, and

stable in physiological environments. Research focuses
on developing coatings that not only prevent infection but
also actively promote tissue healing and integration,
leading to better patient outcomes and reduced revision
surgeries [72,70].

Vaccines and Immunotherapy: Nanoparticles enhance
vaccine efficacy and immunotherapy outcomes by
improving antigen delivery and immune stimulation [40].
Nanoparticles act as adjuvants, improving antigen
presentation and immune activation. Virus-like particles
and polymeric nanoparticles deliver antigens and
adjuvants, enhancing vaccine efficacy for diseases like
COVID-19. Nanoparticles deliver immunomodulators to
the tumor microenvironment, reprogramming immune
cells and enhancing anti-tumor immunity.

Revolutionary Impact on Medicine -

Targeted Cancer Therapy

Targeted Drug Delivery | Hyperthermia Therapy

T

Precision Medicine Heat Tumor Cells

Enhanced
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Antimicrobial Coatings

| Antimiccobial Coatings

Nanoscaffold for Tissue Repair = Growth Factor Delivery

S )
*ﬁ*{, Vaccines & Immunotherapy
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Vaccine
Nanocarriers
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Figure 4. Schematic illustration of the diverse biomedical applications of nanoparticles, highlighting their roles in targeted
cancer therapy, regenerative medicine, improved medical implants, and enhanced vaccine and immunotherapy strategies.

6. Innovations in Public Health

Nanoparticles contribute to public health by addressing
environmental, food safety, and disease surveillance
challenges.

Water Purification: Nanoparticles enable efficient water
treatment by removing contaminants [74]. lron oxide
nanoparticles adsorb heavy metals, silver nanoparticles

inactivate pathogens, and titanium dioxide degrades
organic pollutants via photocatalysis. Nanoparticle-
enhanced membranes improve filtration efficiency,
removing viruses and dissolved solids.

Pest and Vector Control: Nanoparticles offer sustainable
alternatives to conventional pesticides [19]. Encapsulated
pesticides enhance efficacy, reduce environmental
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impact, and target pests specifically. Nanoparticle-based
pest control minimizes runoff and non-target effects,
supporting eco-friendly agriculture.

Food Preservation: Nanoparticles extend food shelf life
and enhance safety through smart packaging [73]. Silver
and zinc oxide nanoparticles inhibit microbial growth in
packaging, preserving food quality. Nanosensors detect
spoilage indicators, reducing food waste and ensuring
safety.

Public Health Surveillance: Nanoparticles qualify hasty,
delicate uncovering for disease and environmental
monitoring [68]. Gold nanoparticle-based assays provide
point-of-care diagnostics for diseases like malaria and
COVID-19. Nanosensors track air and water quality,
supporting epidemiological efforts to manage health
risks.

7. Challenges and Future Directions

Despite their promise, green-synthesized nanoparticles

face challenges that must be addressed for widespread

adoption.

e Scalability: Scaling up green synthesis while
maintaining quality and reproducibility is challenging
due to variability in biological materials [69].

e Reproducibility: Variations in plant or microbial
composition  hinder standardization, affecting
regulatory approval [70].

e Cost-effectiveness: While cost-effective at small
scales, large-scale production requires optimization
to compete with chemical methods [75].

Regulatory and Safety Concerns: The environmental fate
of nanoparticles, including persistence and ecological
effects, requires further study [76]. Understanding the
health risks of nanoparticles, such as oxidative stress or
organ accumulation, is critical for safe use [50]. Equitable
access, societal impacts, and responsible governance are
essential for ethical nanotechnology development [51].

Emerging Technologies and Research Areas: The field of
green nanotechnology is dynamic and rapidly evolving,
with several exciting trends shaping its future. Future
research will likely focus on developing multi-functional
nanoparticles that combine diagnostic and therapeutic
capabilities (theranostics), exploring novel biological

resources for synthesis (e.g., extremophiles, marine
organisms), and designing smart nanoparticles that
respond to specific stimuli (e.g., pH, temperature, light)
for controlled release [66].

Integration with Al and Machine Learning: Artificial
intelligence (Al) and machine learning (ML) are poised to
revolutionize  green  nanoparticle  synthesis  and
optimization. AI/ML algorithms can analyze vast datasets
from synthesis experiments, predict optimal reaction
conditions, and even design novel nanoparticles with
desired properties. This data-driven approach can
significantly accelerate the discovery and development of
new green synthesis routes, reduce experimental time,
and improve the efficiency and reproducibility of
nanoparticle production [74].

8. Conclusion

Green-synthesized nanoparticles represent a
transformative leap in nanotechnology, aligning
innovation with sustainability through the principles of
green chemistry. By leveraging plant-mediated,
microorganism-based, and bio-inspired synthesis, these
eco-friendly methods minimize environmental impact,
reduce toxicity, and enhance biocompatibility, offering a
viable alternative to conventional approaches. The precise
optimization of nanoparticle properties including, size,
shape, and surface chemistry, enables their revolutionary
applications in life sciences, medicine, and public health,
from targeted cancer therapies and regenerative medicine
to water purification and food safety. Despite their
promise, challenges including, scalability,
reproducibility, and nanotoxicity require ongoing
research to ensure safe and effective implementation.
Emerging trends, including Al-driven optimization and
multi-functional nanoparticle designs, signal a bright
future for green nanotechnology. By addressing
regulatory and ethical considerations, green-synthesized
nanoparticles can deliver impactful solutions to global
challenges, fostering a healthier, more sustainable world.
This review underscores their potential to redefine
nanotechnology, emphasizing responsible innovation to
balance efficacy with environmental stewardship, paving
the way for advancements that benefit humanity while
preserving the planet for future generations.

Shahryar et al. Chron Biomed Sci 2026

Vol. 3 No. 1

Article ID 72 11 of 15



Authors’ contributions 5. Kumar RR, Krishnan K, Burle GS, Samathoti P, Kumar JP,
ICMJE criteria Details Author(s) Bagade OM, et al. Biochemical engineering of green
nanomaterials for targeted drug delivery and therapeutic
1. Substantial Conception, OR 1 applications. J Chem Rev. 2025;7(2):191-215.
contributions Design of the work, OR 2 doi:10.48309/JCR.2025.505263.1413.
Data acquisition, analysis, 34 6. Ahmed S, Ahmad M, Swami BL, lkram S. A review on
. or Interpretation plants extract mediated synthesis of silver nanoparticles for
fév?er\?vfitégg or g(re?/fitewi:vit?élgl’ly?flqor éi antimicrobial applic_ations: a green expertise. J Adv Res.
important intellectual ' 2016;7(1):17-28. doi:10.1016/j.jare.2015.02.007.
content 7. Anjum S, Hashim M, Malik SA, Khan M, Lorenzo JM,
3. Final approval  Approve the version to 1234 Abbasi BH, et al. Recent advances in zinc oxide
be published nanoparticles (ZnO NPs) for cancer diagnosis, target drug
4. Accountable Agree to be accountable for 1234 delivery, and treatment. Cancers. 2021;13(18):4570.
all aspects of the work doi:10.3390/cancers13184570.
8. Altenhoff M, ABmann S, Teige C, Huber FJ, Will S. An
optimized evaluation strategy for a comprehensive
Acknowledgement morphological soot nanoparticle aggregate
None characterization by electron microscopy. J Aerosol Sci.
Funding 2020;139:105470. doi:10.1016/j.jaerosci:2019.105470.
This research study received no specific grant from any funding S Anas_tas PT, Warner JC. G_reen_ chemistry: theory and
agency. practlge. Oxford: Ox_ford _Unlversny Press; 1998.
10. Ansari N, Basree, Tripathi A, Ameen S, Akhtar MS, Jabeen
Availability of data and materials F, (_et al. Green_ synthesis_of panomateri_als: properties and
Not applicable. their  potential  applications. Sci  Adv  Mater.
) 2024;16(8):837-854. doi:10.1166/sam.2024.4699.
Declarations 11. Judith BM, Jeevana Jyothi V. Nanotechnology in green
Ethics approval and consent to participate chemistry and life sciences: a sustainable approach. In:
Not applicable. Convergence of Technology & Biology - Transforming
Consent for publication Life Sciences. 2025. p. 32-40.
Not applicable. doi:10.34293/ctbtls.2025.ch004.

L. 12. Apriani EF, Mardiyanto M, Hendrawan A. Optimization of
Competing interests - green synthesis of silver nanoparticles from Areca catechu
The authors declare no competing interests. L. seed extract with variations of silver nitrate and extract

concentrations using simplex lattice design method.

References _ S Farmacia. 2022:70(5):917.
1. John J. Cutting-edge nanoparticle innovations in doi*10.31925/farmacia.2022.5.18.

biomedical science: synthesis, applications, challenges, 13. Athanassiou CG, Kavallieratos NG, Benelli G, Losic D,

and future prospects. J Nanotechnol ~Nanomater. Usha Rani P, Desneux N. Nanoparticles for pest control:

2025;6(1):43-66. doi:10.33696/nanotechnol.6.062. current status and future perspectives. J Pest Sci.
2. Afshar M, Rezaei A, Eghbali S, Nasirizadeh S, Alemzadeh 2018:91(1):1-15. doi:10.1007/510340-017-0898-0.

E, Alemzadeh E, et al. Nanomaterial strategies in wound 14. Osman Al, Zhang Y, Farghali M, Rashwan AK, Eltaweil

healing: a comprehensive review of nanoparticles, AS, Abd El-Monaem EM, et al. Synthesis of green

nanofibres  and ~ nanosheets.  Int ~ Wound J. nanoparticles for energy, biomedical, environmental,

2024;21(7):€14953. doi:10.1111/iwj.14953. agricultural, and food applications: a review. Environ
3. Kurul F, Doruk B, Topkaya SN. Principles of green Chem Lett. 2024;22(2):841-887. doi:10.1007/510311-023-

chemistry: building a sustainable future. Discov Chem. 01682-3.

2925;2(1):68' dOi:10'1007/544371'02_5'_00152'9' 15. Bajpai VK, Kamle M, Shukla S, Mahato DK, Chandra P,
4. Ojukwu_U, Arthur C, Jongthan_W, EhIQIEQba_O. Yussuf M Hwang SK, et al. Prospects of using nanotechnology for

Olawuyi M. Green chemistry in pharmaceutical synthesis: food preservation, safety, and security. J Food Drug Anal.

implications for sustainable public health. Eur J Sci Res 2018:26(4):1201-1214. doi:10.1016/j.jfda.2018.06.011.

Rev. 2025;3(1):1. doi:10.5455/ejsrr.20250509092913.
Shahryar et al. Chron Biomed Sci 2026 Vol. 3 No. 1 Article ID 72 12 of 15



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Bazylinski DA, Frankel RB. Magnetosome formation in
prokaryotes. Nat Rev Microbiol. 2004;2(3):217-230.
d0i:10.1038/nrmicro842.

Kulkarni D, Sherkar R, Shirsathe C, Sonwane R, Varpe N,
Shelke S, et al. Biofabrication of nanoparticles: sources,
synthesis, and biomedical applications. Front Bioeng
Biotechnol. 2023;11:1159193.
d0i:10.3389/fbioe.2023.1159193.

Borode A, Tshephe T, Olubambi P, Sharifpur M, Meyer J.
Stability and thermophysical properties of GNP-Fe203
hybrid nanofluid: effect of volume fraction and
temperature. Nanomaterials. 2023;13(7):1238.
d0i:10.3390/nan013071238.

Ahmad A, Haneef M, Ahmad N, Kamal A, Jaswani S,
Khan F. Biological synthesis of silver nanoparticles and
their medical applications: a review. World Acad Sci J.
2024;6(3):22. doi:10.3892/wasj.2024.237.
Fathi-Achachelouei M, Knopf-Marques H, Ribeiro da
Silva CE, Barthés J, Bat E, Tezcaner A, et al. Use of
nanoparticles in tissue engineering and regenerative
medicine. Front Bioeng Biotechnol. 2019;7:113.
d0i:10.3389/fbioe.2019.00113.

Duan H, Wang D, Li Y. Green chemistry for nanoparticle
synthesis. Chem Soc Rev. 2015;44(16):5778-5792.
d0i:10.1039/c4cs00363b.

Petrovic S, Bita B, Barbinta-Patrascu ME.
Nanoformulations in pharmaceutical and biomedical
applications: green perspectives. Int J Mol Sci.
2024;25(11):5842. doi:10.3390/ijms25115842.

Karnwal A, Jassim AY, Mohammed AA, Sharma V, Al-
Tawaha ARMS, Sivanesan |. Nanotechnology for
healthcare: plant-derived nanoparticles in disease
treatment and regenerative medicine. Pharmaceuticals.
2024;17:1711.

Feynman R. There’s plenty of room at the bottom. In:
Feynman and Computation. Boca Raton: CRC Press; 2018.
p. 63-76. d0i:10.1201/9780429500459-7.

Ivankovi¢ A. Review of 12 principles of green chemistry
in practice. Int J Sustain Green Energy. 2017;6(3):39.
d0i:10.11648/j.ijrse.20170603.12.

Kumaravel A, Shanmugasundaram S. Sustainable
nanotechnology: advances in green synthesis and
applications of nanoparticles. Int J Sci Technol.

2025;16(2). doi:10.71097/ijsat.v16.i2.4463.

Jeevanandam J, Barhoum A, Chan YS, Dufresne A,
Danquah MK. Review on nanoparticles and nanostructured
materials: history, sources, toxicity and regulations.
Beilstein J Nanotechnol. 2018;9:1050-1074.
doi:10.3762/bjnano.9.98.

Morgan RN, Aboshanab KM. Green biologically
synthesized metal nanoparticles: biological applications,

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

optimizations and future prospects. Future Sci OA.
2024;10(1):FS0935. doi:10.2144/fsoa-2023-0196.
Kairdolf BA, Qian X, Nie S. Bioconjugated nanoparticles
for biosensing, in vivo imaging, and medical diagnostics.
Anal Chem. 2017;89(2):1015-1031.
doi:10.1021/acs.analchem.6b04873.

Li R, Wang X, Lin C, Zhang X, Yuan Z. The synergistic
effect of MOF and biomass achieving dual breakthroughs
in material structure and performance. J Mater Chem A.
2025;13(10):6866-6894. doi:10.1039/d4ta06000h.

Liagat N, Jahan N, Khalil-ur-Rahman, Anwar T, Qureshi
H. Green synthesized silver nanoparticles: optimization,
characterization, antimicrobial activity, and cytotoxicity
study by hemolysis assay. Front Chem. 2022;10:952006.
doi:10.3389/fchem.2022.952006.

Mbatha LS, Akinyelu J, Chukwuma CI, Mokoena MP,
Kudanga T. Current trends and prospects for application of
green synthesized metal nanoparticles in cancer and
COVID-19  therapies.  Viruses.  2023;15(3):741.
d0i:10.3390/v15030741.

Mody V, Siwale R, Singh A, Mody H. Introduction to
metallic  nanoparticles. J Pharm Bioallied Sci.
2010;2(4):282-289. d0i:10.4103/0975-7406.72127.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R,
Langer R. Nanocarriers as an emerging platform for cancer
therapy. In: Nano-Enabled Medical Applications. 2020. p.
61-91. doi:10.1201/9780429399039-2.

Nakamura S, Sato M, Sato Y, Ando N, Takayama T, Fujita
M, et al. Synthesis and application of silver nanoparticles
(Ag NPs) for the prevention of infection in healthcare
workers. Int J Mol Sci. 2019;20(15):3620.
d0i:10.3390/ijms20153620.

Pradeep T, Anshup. Noble metal nanoparticles for water
purification: a critical review. Thin Solid Films.
2009;517(24):6441-6478. d0i:10.1016/j.tsf.2009.03.195.
Rai M, Yadav A, Gade A. Silver nanoparticles as a new
generation  of antimicrobials.  Biotechnol  Adv.
2009;27(1):76-83. doi:10.1016/j.biotechadv.2008.09.002.
Shahid-ul-Islam, Shahid M, Mohammad F. Future
prospects of  phytosynthesized transition  metal
nanoparticles as novel functional agents for textiles. In:
Advanced Materials for Agriculture, Food, and
Environmental Safety. 2014. p. 265-290.
d0i:10.1002/9781118773857.ch10.

Soltys L, Olkhovyy O, Tatarchuk T, Naushad M. Green
synthesis of metal and metal oxide nanoparticles:
principles of green chemistry and raw materials.
Magnetochemistry. 2021;7(11):145.
doi:10.3390/magnetochemistry7110145.

Siddigi KS, Husen A. Fabrication of metal nanoparticles
from fungi and metal salts: scope and application.
Nanoscale Res Lett. 2016;11(1):98. doi:10.1186/s11671-
016-1311-2.

Shahryar et al.

Chron Biomed Sci 2026

Vol. 3

No. 1 Article ID 72 13 of 15



41.

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

Sondi I, Salopek-Sondi B. Silver nanoparticles as
antimicrobial agent: a case study on E. coli as a model for
Gram-negative bacteria. J Colloid Interface Sci.
2004;275(1):177-182. doi:10.1016/j.jcis.2004.02.012.

Isah M. Recent advancement of nanomaterials: properties,
fabrication, and applications. Plant Biotechnol Persa.
2025;7(3):148-163. doi:10.61186/pbp.7.3.148.
Terracciano M, De Stefano L, Rea |. Diatoms green
nanotechnology for biosilica-based drug delivery systems.
Pharmaceutics. 2018;10(4):242.
doi:10.3390/pharmaceutics10040242.

Tippayawat P, Phromviyo N, Boueroy P, Chompoosor A.
Green synthesis of silver nanoparticles in aloe vera plant
extract prepared by a hydrothermal method and their
synergistic antibacterial activity. PeerJ. 2016;4:62589.
doi:10.7717/peer;j.2589.

Banik BK, editor. Green approaches in medicinal
chemistry for sustainable drug design: applications. 2nd ed.
Vol. 1. Amsterdam: Elsevier; 2024.

Srinivasan LV, Rana SS. A critical review of various
synthesis methods of nanoparticles and their applications
in biomedical, regenerative medicine, food packaging, and
environment.  Discov  Appl Sci. 2024;6(7):371.
d0i:10.1007/s42452-024-06040-8.

Hussain S, Yasmin R, Chouhdary AN, Irfan M, Munir F,
Ahmad S, et al. From atomic nuclei to nanostructures:
harnessing the convergence of nuclear physics, particle
dynamics, and nanotechnology to transform energy,
revolutionize medicine, and advance environmental
sustainability. Glob Sci Acad Res J Multidiscip Stud.
2025;4:87-117.

Jain K, Takuli A, Gupta TK, Gupta D. Rethinking
nanoparticle synthesis: a sustainable approach vs.
traditional methods. Chem Asian J.
2024;19(21):€202400701. doi:10.1002/asia.202400701.
Shreyash N, Bajpai S, Khan MA, Vijay Y, Tiwary SK,
Sonker M. Green synthesis of nanoparticles and their
biomedical applications: a review. ACS Appl Nano Mater.
2021;4(11):11428-11457. doi:10.1021/acsanm.1c02946.
Tran TV, Nguyen DTC, Kumar PS, Din ATM, Jalil AA,
Vo DN. Green synthesis of ZrO2 nanoparticles and
nanocomposites for biomedical and environmental
applications: a review. Environ Chem  Lett.
2022;20(2):1309-1331. doi:10.1007/s10311-021-01367-9.
Sati A, Ranade TN, Mali SN, Yasin HKA, Pratap A. Silver
nanoparticles (AgNPs): comprehensive insights into
bio/synthesis, key influencing factors, multifaceted
applications, and toxicity - a 2024 update. ACS Omega.
2025;10(8):7549-7582. doi:10.1021/acsomega.4c11045.
ljaz 1, Gilani E, Nazir A, Bukhari A. Detail review on
chemical, physical and green synthesis, classification,
characterizations and applications of nanoparticles. Green
Chem Lett Rev. 2020;13(3):223-245.
doi:10.1080/17518253.2020.1802517.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Soni RA, Rizwan MA, Singh S. Opportunities and
potential of green chemistry in nanotechnology.
Nanotechnol Environ Eng. 2022;7(3):661-673.
doi:10.1007/s41204-022-00233-5.

Xu C, Lei C, Hosseinpour S, lvanovski S, Walsh LJ,
Khademhosseini A. Nanotechnology for the management
of COVID-19 during the pandemic and in the post-
pandemic era. Natl Sci Rev. 2022;9(10):nwacl24.
do0i:10.1093/nsr/nwac124.

Yao D, Chen Z, Zhao K, Yang Q, Zhang W. Limitation and
challenge faced to the researches on environmental risk of
nanotechnology. Procedia Environ Sci. 2013;18:149-156.
doi:10.1016/j.proenv.2013.04.020.

Abuzeid HM, Julien CM, Zhu L, Hashem AM. Green
synthesis of nanoparticles and their energy storage,
environmental, and biomedical applications. Crystals.
2023;13(11):1576. doi:10.3390/cryst13111576.

Radulescu D, Surdu V, Ficai A, Ficai D, Grumezescu A,
Andronescu E. Green synthesis of metal and metal oxide
nanoparticles: a review of the principles and biomedical
applications. Int J Mol Sci. 2023;24(20):15397.
d0i:10.3390/ijms242015397.

Zhang X, Liu Z, Shen W, Gurunathan S. Silver
nanoparticles: synthesis, characterization, properties,
applications, and therapeutic approaches. Int J Mol Sci.
2016;17(9):1534. doi:10.3390/ijms17091534.

Chaudhari DS, Upadhyay RP, Shinde GY, Gawande MB,
Filip J, Varma RS, et al. A review on sustainable iron oxide
nanoparticles: syntheses and applications in organic
catalysis and environmental remediation. Green Chem.
2024;26(13):7579-7655. doi:10.1039/d4gc01870b.
Cherian T, Maity D, Rajendra Kumar RT, Balasubramani
G, Ragavendran C, Yalla S, et al. Green chemistry based
gold nanoparticles synthesis using the marine bacterium
Lysinibacillus odysseyi PBCW2 and their multitudinous
activities. Nanomaterials. 2022;12(17):2940.
d0i:10.3390/nan012172940.

El Messaoudi N, Cigeroglu Z, Senol ZM, Kazan-Kaya ES,
Fernine Y, Gubernat S, et al. Green synthesis of CuFe204
nanoparticles from bioresource extracts and their
applications in different areas: a review. Biomass Convers
Biorefin. 2024;15(1):99-120. doi:10.1007/513399-023-
05264-9.

Kar S, Sanderson H, Roy K, Benfenati E, Leszczynski J.
Green chemistry in the synthesis of pharmaceuticals. Chem
Rev. 2021;122(3):3637-3710.
doi:10.1021/acs.chemrev.1c00631.

Ghasemi S, Dabirian S, Kariminejad F, Koohi DE,
Nemattalab M, Majidimoghadam S, et al. Process
optimization for green synthesis of silver nanoparticles
using Rubus discolor leaves extract and its biological
activities against multi-drug resistant bacteria and cancer
cells. Sci Rep. 2024;14(1):4130. d0i:10.1038/s41598-024-
54702-9.

Shahryar et al.

Chron Biomed Sci 2026

Vol. 3

No. 1 Article ID 72 14 of 15



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Malik S, Muhammad K, Waheed Y. Emerging applications
of nanotechnology in healthcare and medicine. Molecules.
2023;28(18):6624. doi:10.3390/molecules28186624.
Iravani S, Varma RS. Sustainable synthesis of cobalt and
cobalt oxide nanoparticles and their catalytic and
biomedical applications. Green Chem. 2020;22(9):2643-
2661. doi:10.1039/d0gc00885k.

Devi L, Kushwaha P, Ansari TM, Kumar A, Rao A. Recent
trends in biologically synthesized metal nanoparticles and
their biomedical applications: a review. Biol Trace Elem
Res. 2023;202(7):3383-3399. do0i:10.1007/s12011-023-
03920-9.

Kamarudin NS, Jusoh R, Sukor NF, Jalil AA, Setiabudi
HD, Salleh NFM. Facile electro-assisted green synthesis of
size-tunable silver nanoparticles and its photodegradation
activity. J Clust Sci. 2021;33(3):985-997.
doi:10.1007/s10876-021-02028-1.

Daruich De Souza C, Ribeiro Nogueira B, Rostelato MEC.
Review of the methodologies used in the synthesis gold
nanoparticles by chemical reduction. J Alloys Compd.
2019;798:714-740. doi:10.1016/j.jallcom.2019.05.153.
Castillo-Henriquez L, Alfaro-Aguilar K, Ugalde-Alvarez
J, Vega-Fernandez L, Montes de Oca-Véasquez G, Vega-
Baudrit JR. Green synthesis of gold and silver
nanoparticles from plant extracts and their possible
applications as antimicrobial agents in the agricultural area.
Nanomaterials. 2020;10(9):1763.
d0i:10.3390/nan010091763.

Kumar L, Ragunathan V, Chugh M, Bharadvaja N.
Nanomaterials for remediation of contaminants: a review.
Environ Chem Lett. 2021;19(4):3139-3163.
d0i:10.1007/s10311-021-01212-z.

Li G, Huang S, Zhu N, Yuan H, Ge D. Near-infrared
responsive upconversion glass-ceramic@BiOBr
heterojunction for enhanced photodegradation
performances of norfloxacin. J Hazard Mater.
2021;403:123981. doi:10.1016/j.jhazmat.2020.123981.
Lin L, Wan H, Mia R, Jiang H, Liu H, Mahmud S.
Bioreduction and stabilization of antibacterial nanosilver
using Radix Lithospermi phytonutrients for azo-
contaminated wastewater treatment: synthesis,
optimization and characterization. J Clust Sci.
2022;34(2):1141-1155. doi:10.1007/s10876-022-02280-z.
Rane AV, Kanny K, Abitha V, Thomas S. Methods for
synthesis of nanoparticles and fabrication of
nanocomposites. In: Synthesis of Inorganic Nanomaterials.
Amsterdam: Elsevier; 2018. p. 121-139.
d0i:10.1016/b978-0-08-101975-7.00005-1.

Arun J, Nachiappan S, Rangarajan G, Alagappan RP,
Gopinath KP, Lichtfouse E. Synthesis and application of
titanium  dioxide  photocatalysis  for  energy,
decontamination and viral disinfection: a review. Environ
Chem Lett. 2022;21(1):339-362. doi:10.1007/s10311-022-
01503-z.

75.

76.

Fahimmunisha BA, Ishwarya R, AlSalhi MS, Devanesan
S, Govindarajan M, Vaseeharan B. Green fabrication,
characterization and antibacterial potential of zinc oxide
nanoparticles using Aloe socotrina leaf extract: a novel
drug delivery approach. J Drug Deliv Sci Technol.
2020;55:101465. doi:10.1016/j.jddst.2019.101465.
Shahzadi S, Fatima S, Ul Ain Q, Shafiq Z, Janjua MRSA.
A review on green synthesis of silver nanoparticles (SNPs)
using plant extracts: a multifaceted approach in
photocatalysis,  environmental  remediation, and
biomedicine. RSC  Adv.  2025;15(5):3858-3903.
d0i:10.1039/d4ra07519f.

Shahryar et al.

Chron Biomed Sci 2026

Vol. 3

No. 1 Article ID 72 15 of 15



