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Abstract. The green synthesis of silver nanoparticles (AgNPs)
represents a paradigm shift in the field of nanotechnology by
offering a sustainable and eco-friendly alternative to tradi-
tional methods of synthesis. By harnessing the reducing and
stabilizing properties of natural sources, such as plants, fungi
and microorganisms, researchers have been able to synthesize
AgNPs with reduced toxicity and heightened biocompatibility.
These unique nanoparticles have ushered in a new era of
possibilities in the medical field. The notable antimicrobial
properties of silver render it indispensable for wound healing,
infection control, cancer therapy and tissue regeneration appli-
cations. Additionally, AgNPs hold great promise as versatile
drug carriers for targeted therapies and as contrast agents for
advanced medical imaging techniques. In an era character-
ized by increasing environmental concerns and the need for
innovative healthcare solutions, the green synthesis of AgNPs
revolutionizes medical practices and aligns with the impera-
tive of sustainability, underscoring its pivotal role at the nexus
of nanotechnology and medicine.
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1. Introduction

Nanotechnology represents an advanced scientific disci-
pline focused on the fabrication, manipulation and control
of particle structures within the size range of 1 to 100 nm.
The fundamental building blocks of nanotechnology
primarily comprise nanoparticles (1,2). Notably, biological
entities, including microorganisms and living cells, stand
as exemplary instances of nanoscale machines equipped
with functional components. These entities perform an
array of tasks, from energy generation to precise mate-
rial extraction, with exceptional efficiency (3). Various
examples illustrate how biological components have been
harnessed to synthesize nanoparticles with diverse chemical
compositions: Ribosomes are employed in the production
of gold nanoparticles (4); bacteria have been utilized in
the synthesis of cadmium sulfide (5,6), zinc sulfide (7),
magnetite (8), iron sulfide (9) and silver (10,11) nanoparticles
(AgNPs); yeasts have played a role in the formation of lead
sulfide and cadmium sulfide nanoparticles. Furthermore,
the green synthesis of AgNPs utilizing the extract of
Emblica officinalis herbal fruit exemplifies an alternative
approach (12). Notably, individual atoms/molecules and their
bulk counterparts exhibit profound disparities in chemical,
physical and biological properties as a function of their size.
Owing to the emergence of entirely novel or modified char-
acteristics arising from size, classification and morphology,
novel applications for nanoparticles and nanomaterials are
rapidly expanding, providing compelling evidence of their
transformative potential in various scientific domains (13).
Nanoparticles have captured the keen interest of researchers
due to their versatility in size and form, enabling their
sophisticated integration into biotechnological applications.
Within the pharmaceutical sector, nanoparticles have gained
prominence for their potent antimicrobial properties (14) and
their prominent anticancer activity (15,16).
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Nanobiotechnology, a multidisciplinary field at the
intersection of engineering, physics and biology, focuses on
the development of minute physical and biological devices
through biomimetic nanofabrication techniques. Biomimicry
draws inspiration from the self-assembly of molecules within
natural systems, particularly in aqueous environments (17).
The synthesis of nanoparticles through microbial involve-
ment underscores the intertwined association between
nanotechnology and microbial biotechnology, embodying an
environmental friendly approach (18,19).

The continuous advancement of nanoscience and tech-
nology has ushered in novel and enhanced nano-methodologies,
rendering previous approaches obsolete. Nanotechnology has
garnered significant interest due to the unique properties
exhibited by nanoscale materials, offering a wide spectrum
of potential applications in scientific research. The imperative
of adopting a green chemistry approach in the development
of nanomaterials cannot be overstated. Within the domain of
nanobiotechnology, this approach holds the promise of yielding
sustainable nanomaterials that are environment-friendly and
poised for widespread acceptance in the realm of nanotech-
nology. It is crucial to emphasize that the selection of solvents
and reducing agents employed in the synthesis of nanoparticles
has a profound influence on the resulting particle morphology,
encompassing size, physicochemical attributes and shape. This
morphology, in turn, has a pivotal impact on the utilization and
performance of nanoparticles (20-23).

2. Different strategies for the genesis of nanoparticles

The methodologies of ‘top-down’ and ‘bottom-up’ approaches
in nanoparticle assembly represent fundamental paradigms.
The ‘bottom-up’ approach entails the initial formation of
nanostructure building blocks, which are subsequently assem-
bled to create the final material. Conversely, the top-down
approach leverages lithographic and non-lithographic fabrica-
tion technologies. Lithography, a cornerstone technology in
semiconductor chip and component fabrication, finds applica-
tion in the top-down approach (24).

The fabrication of micro- and nanoscale system compo-
nents, spanning from micrometers to nanometers, often relies
on the top-down approach. Emerging techniques in material
integration, such as artificial methodologies for nanoscale
material assembly, introduce additional steps to the process.
The degree of control required over the dimensions of
nanostructure elements, their spatial arrangement, and their
integration into the ultimate material varies significantly,
contingent upon the specific requirements of the final product.
Broadly, nanoparticle synthesis encompasses three primary
approaches: Physical, chemical and biological methods, as
represented in Fig. 1 (25).

Physical techniques for nanoparticle synthesis. The
‘top-down’ approach stands as the conventional and tangible
method for nanoparticle assembly, involving the reduction
in size of the material through various physical processes,
including ultrasonication, microwave irradiation and elec-
trochemical conditions. In this approach, a tube oven, often
operated under controlled atmospheric pressure, is employed to
combine nanoparticles through a process known as dissolution

condensation. Within this framework, two primary physical
methods, namely evaporation condensation and laser ablation,
emerge as significant techniques.

In the evaporation condensation process, the source mate-
rial undergoes vaporization within a chamber, subsequently
directed onto a furnace to form a carrier gas stream. This
vaporized material condenses to yield nanoparticles. Notably,
this vapor condensation method has been employed success-
fully in the production of various nanoparticles, including
those composed of silver (Ag), gold (Au), lead (Pb) and
cadmium (Cd) (26).

Methodology for the chemical-based synthesis of
nanoparticles. In the chemical approach to nanoparticle
synthesis, the key constituents involve metallic intermedi-
ates, stabilizing agents and reducing agents, encompassing
both inorganic and organic compounds. Among the notable
reducing agents employed in this methodology are sodium
citrate, ascorbate, elemental hydrogen, sodium borohydride,
the polyol process, Tollens' reagent, N,N-dimethylformamide
and poly (ethylene glycol)-block copolymers (27). These
reducing agents play a pivotal role in the controlled reduction
of metallic intermediates, facilitating the precise formation of
nanoparticles with tailored characteristics and properties.

Biological synthesis of nanoparticles: Sustainable solutions
for advanced nanoparticles. In recent years, there has been
a growing interest in the development and production of
environmentally friendly nanoparticles that do not generate
toxic and harmful waste byproducts during their production.
Organisms, from simple prokaryotic bacteria to more complex
eukaryotic fungi and plants exhibit considerable potential in
nanoparticle synthesis. Biological synthesis methods have
emerged as a viable approach to obtaining AgNPs, wherein
reduction agents sourced from vegetable and fruit extracts are
utilized (28). AgNPs find extensive applications in the fields
of biomedical engineering, nanomedicine (29), and various
biological contexts, offering mechanisms for anti-inflamma-
tory, anti-bacterial, anti-fungal and anticancer activities (30).

As an alternative to traditional physical and chemical meth-
odologies, achieving environmentally benign nanoparticle
synthesis necessitates the utilization of biologically safe and
ecologically sustainable processes. This approach is integral
to the domain of nanobiotechnology, which involves the appli-
cations of various biotechnological techniques to fabricate
nanomaterials or nanostructures through biological processes,
encompassing microorganisms, plants, pathogens and their
byproducts, such as proteins and lipids. The bottom-up
production of nanomaterials through these biologically
inspired methods is inherently more environmentally friendly,
as it harnesses the capabilities of biological systems or their
derivatives (31).

Research has extensively investigated the role of bacteria
in the synthesis of AgNPs. One evident example involved the
production of highly stable AgNPs with a diameter of 40 nm
through the bioreduction of silver ions in an aqueous solution
using the culture supernatant of the non-pathogenic bacte-
rium, Bacillus licheniformis. Additionally, well-dispersed
silver nanocrystals, ~50 nm, were successfully synthesized
utilizing Bacillus licheniformis bacteria. The other bacteria
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Figure 1. Approaches and method for the synthesis of nanoparticles. The figure has been modified from a figure in a previous study (25).

useful in the synthesis of AgNPs are Enterobacter cloacae,
Klebisella pneumoniae and Lactobacillus strains (32).

Not only bacteria, but the synthesis of AgNPs, can also
be achieved with the help of fungi. One of the prominent
examples of fungi useful in the production of AgNPs is the
use of Aspergillus flavus. These nanoparticles are stable in
water with no significant accumulation for 3 months. Along
with this, Fusarium oxysporum, Verticillium sp., Fusarium
semitectum are also utilized for the synthesis of AgNPs (26).

Apart from bacteria and fungi, plants and algae have also
been proven to be useful in the green synthesis of AgNPs. The
different plants which are useful are Pinus eldarica, Emblica
officinalis, Aloe vera leaf extract, Acalypha indica, Pelargonium
graveolens. The AgNPs are produced within 30 min using
the leaf extracts of Acalypha indica. The advantage of these
nanoparticles is that they exhibit exceptional antimicrobial
activity against those causative agents or organisms that transmit
diseases through water. The different algae used are Spirulina
platensis, Oscillatoria willei, and Gelidiella acerosa. Algae
are favored for nanoparticle synthesis due to their prominent
capacity to accumulate metals and reduce metal ions. Their
advantages include rapid and swift growth, ease of handling,
and a growth rate greater than that of higher plants (33).

3. Key factors influencing the biological synthesis of
nanoparticles

The biological synthesis of nanoparticles relies primarily on
three critical factors: The selection of materials, the selection

of a reducing agent and the nature of the solvent employed.
Within this context, two key processes, Ostwald ripening
and oriented attachment play pivotal roles in determining the
growth of nanostructures. Oriented attachment is a mecha-
nism wherein two individual nanoparticles self-organize into
a single crystal structure, driven by a shared crystallographic
orientation. At the nanoscale, this process assumes promi-
nence as a dominant growth mechanism. It is noteworthy
that capping agents, which directly influence the nanoparticle
surface, can exert a marked and beneficial impact on OA
processes. Additionally, the molecular weight of these capping
ligands emerges as a crucial factor influencing the assembly
behavior of nanoparticles (31).

Surface functionalization stands as a vital facet of nanopar-
ticle synthesis, particularly when designing nanomaterials or
nanotubes for specific applications. The production of nano-
structured materials, including metal nanoparticles (e.g., silver,
gold, copper, platinum and palladium), has garnered immense
interest due to their unique attributes, rendering them versa-
tile assets across various domains, including technology and
research. This progress in nanomaterials has the potential to
revolutionize our tactile, visual, and sensory experiences (34).

The other factors that influence the biological synthesis
of nanoparticles are the pH, temperature, reaction time, the
purity of ingredients, and the underlying mechanism of the
synthesis of nanoparticles.

Sustainable gains: The advantages of biological synthesis in
nanoparticle production. Biological synthesis, in contrast to
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Figure 2. Importance of green nanoparticles.

chemical and physical methods, offers environmental sustain-
ability by minimizing the ecological impact compared to
the physical and chemical methods; it is a cost-effective and
widely adopted approach for the large-scale production of
nanoparticles, obviating the need for extreme temperatures,
pressure or hazardous substances (35).

In the past, the creation of nanoparticles through chemical
and physical processes often involved the use of hazardous
compounds that posed significant health risks. Research has
demonstrated the capability of plant proteins to sequentially
reduce metallic ions into nanoparticles, presenting a biologi-
cally driven and environmentally benign approach that is
not only cost-effective but also safe for human health (36).
Nanoparticles synthesized utilizing living organisms have
garnered considerable attention due to their notable optical,
chemical, photoelectrochemical and electrical properties. This
burgeoning field has led to the development of various methods
for the synthesis of nanocomposites, involving both nano- and
micro-sized inorganic materials. This emerging domain,
known as nanocomposites biosynthesis, holds significant
promise, provided it can leverage clean, safe and environ-
mentally friendly processes, akin to ‘green alchemy’. Such
processes may encompass a range of biological contributors,
from microorganisms to insects and even plants, facilitating
the integration and assembly of nanoparticles (37,38).

Notably, plant-derived nanoparticles exhibit enhanced
stability and faster production rates compared to bacterial
counterparts, further underscoring their potential in this
exciting field of research. The importance of biologically
synthesized nanoparticles is summarized in Fig. 2.

4. Unraveling the antimicrobial mechanisms of AgNPs

While the precise mechanisms underlying the antimicro-
bial action of AgNPs remain partially elucidated, existing
research suggests that these nanoparticles exert their effects
by disrupting cell membrane permeability, interfering with
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Figure 3. Potential mechanisms for the antimicrobial activity of AgNPs.
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cellular respiration processes and instigating the production of
free radicals. These multifaceted actions collectively contribute
to the antibacterial efficacy of silver nanoparticles (39).

Notably, AgNPs possess the capacity to breach the
bacterial cell wall, thereby penetrating the cell and inducing
significant alterations in the cell membrane, such as increased
permeability and ultimately, cell death. This process is often
accompanied by the formation of depressions or ‘pits’ on the
cell surface, where nanoparticles accumulate. Additionally, it
has been proposed that AgNPs may release silver ions, which
can bind to thiol groups found in essential enzymes, rendering
them inactive (40).

Silver, which does not react with weak acids, exhibits
an innate propensity to react with a base, such as soft bases
including sulfur and phosphorus, which constitute key
components within most cells. The interaction between these
nanoparticles and cellular components can initiate reactions
that influence cellular viability. Furthermore, it is worth noting
that DNA typically contains sulfur, and nanoparticles may
interact with these bases, potentially causing damage to the
DNA molecule, and thereby contributing to cell demise (41,42)
(Fig. 3).

Several lines of evidence suggest that silver ions play a
pivotal role in the antibacterial activity of silver nanoparticles.
Notably, the surface area of the nanomaterial emerges as a
critical determinant in the antimicrobial toxicity of silver
nanoparticles. It has been observed that the highest concentra-
tion of released silver ions occurs in conjunction with silver
nanoparticles possessing the greatest surface area. For some
researchers, the release of silver ions is considered the primary
mechanism underpinning the antimicrobial action of silver
nanoparticles, with the specific characteristics of individual
particles being of secondary importance (43,44).

Determinants of bactericidal properties in AgNPs. Numerous
investigations have consistently demonstrated that the shape,
size, concentration and colloidal state of AgNPs wield substan-
tial influence over their bactericidal activities (45,46). It has
been observed that the stability and biocompatibility of AgNPs
are enhanced when their size is reduced. The morphological
characteristics of nanoparticles stand as critical determinants
of their fundamental physicochemical properties, profoundly
affecting their interactions with bacteria, fungi and viruses.
Notably, truncated triangular AgNPs have exhibited supe-
rior antibacterial efficacy compared to spherical or rod-shaped
counterparts. The variability in AgNP morphologies, despite
possessing equivalent surface areas, is attributed to differences
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in effective surface dimensions and dynamic attributes (47).
Specifically, AgNPs with diameters falling within the range of
10 to 15 nm have demonstrated heightened stability, biocom-
patibility and antibacterial activity. Notably, the antibacterial
effect is contingent upon the nanoparticle concentration, yet
it remains unaffected by the acquisition of drug resistance by
bacteria (48,49).

AgNPs exhibit antibacterial properties against a broad
spectrum of microorganisms, fungi, as well as viruses.
Consequently, they are frequently employed as antimicro-
bial agents in a wide range of products, such as bandages,
textiles, composites, dressings, toothbrushes, cosmetics and
surgical instruments. It is worth highlighting that the size and
morphology of nanoparticles exert profound influences on
their antimicrobial activity, as different morphologies present
distinct interaction domains for microorganisms, thereby
resulting in variable antibacterial effectiveness (50).

5. Nanotechnology in medicine: Advanced applications
and technical insights

In December, 2002, the US National Institutes of Health (NIH)
initiated a comprehensive 4-year study encompassing nanosci-
ence and nanotechnology in the context of healthcare (51). In
its broadest definition, nanomedicine represents the utilization
of molecular structures and insights derived from the human
body to identify, treat, and prevent diseases and traumatic
injuries, while also alleviating pain and enhancing human
vitality. The application of nanotechnology within the realm
of medicine is commonly referred to as nanomedicine (52).
Given that various components within cells operate at the
nanoscale, nanotechnology emerged as a promising avenue for
advancing biology and medicine. The applications of nanotech-
nology in healthcare and therapeutics encompass drug delivery
systems, diagnostic techniques, therapeutic imaging, implant-
able materials and tissue regeneration technologies. Notably, a
diverse array of nanomedicine products have received approval
from the US Food and Drug Administration (FDA) and are
currently available in the market. However, recent clinical
investigations have increasingly focused on more intricate
materials, including micelles, protein-based nanoparticles, and
various inorganic and silver-based nanoparticles (53). These

endeavors underscore the evolving landscape of nanomedicine
and its potential to revolutionize healthcare.

Intersecting frontiers: The role of nanomedicine across
medical disciplines. Nanomedicine is characterized as a
pivotal and highly efficacious instrument within the domains of
personalized, targeted and regenerative medicine. It stands at
the forefront, ushering in the next generation of medical inter-
ventions, therapies and implantable devices, thereby delivering
substantial advancements in healthcare (Fig. 4). Furthermore,
nanomedicine provides potent and profound methodologies
for addressing the challenges posed by demographic aging. It
is widely recognized as an indispensable element in achieving
superior and economically efficient healthcare systems, thus
playing a pivotal role in ensuring the widespread accessibility
and affordability of medications and treatments for all indi-
viduals (54).

COVID-19 nanomedicines: Advancements in the treat-
ment of the pandemic. The global outbreak of COVID-19 has
had profoundly adverse repercussions worldwide, presenting
one of the most formidable challenges to global public health
in recent memory. Advances in nanotechnology have played
a pivotal role in expediting diagnostic testing and, perhaps
even more significantly, in the rapid development of vaccines
against the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). The global scientific community has
responded with notable speed to address the pressing global
health crisis.

Nanomedical innovations have greatly contributed to the
development of three COVID-19 vaccines. The initial two
vaccines, developed by Pfizer/BioNTech and Moderna, utilize
lipid nanoparticles to encapsulate, stabilize and deliver mRNA
molecules. By contrast, the Novavax vaccine employs a
distinct recombinant protein nanoparticle platform to generate
antigens derived from the spike protein of SARS-CoV-2 (55).
These breakthroughs underscore the pivotal role of nanotech-
nology in the global effort to combat the COVID-19 pandemic.

Nanomedicine in oncology and progress in cancer
therapies. Cancer represents one of the world's most prevalent
and lethal diseases, posing a significant risk to >10 million
individuals each year (7). The landscape of cancer detection
and treatment stands on the brink of a potential revolution,
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courtesy of advancements in nanotechnology. These advance-
ments, driven by progress in materials science and protein
engineering, offer new rays of hope for individuals battling
cancer (56).

Lack of specificity, short half-life, cytotoxicity, poor solu-
bility, multi-drug resistance and the formation of stem-like
cells are some of the issues that are associated with current
chemotherapeutics. To combat these drawbacks, patients with
cancer are being treated with nanomaterial-based chemo-
therapy, targeted therapy, molecular therapy, photothermal
therapy, photodynamic therapy, sonodynamic therapy and
chemodynamic therapy. With the development of nanotech-
nology, nanomedicines employed in cancer therapy may be able
to lessen the side-effects associated with chemotherapy (57).

The use of nanotechnology in the treatment, diagnosis, or
management of cancerous cells enhances the drug concentra-
tion within cells, either by active targeting or passive targeting,
while minimizing the toxicity to healthy tissue. These targeted
nanoparticles can be engineered and modified to be either
pH- or temperature-sensitive, allowing for controlled drug
release (58).

Conventional cancer therapeutics are often accompanied
by severe limitations, driving the exploration and applica-
tion of various nanotechnologies for more precise and
effective cancer treatment, collectively referred to as cancer
nanomedicine. Numerous therapeutic nanoparticles have
gained acceptance for targeting tumors, encompassing lipid
nanoparticles, albumin nanoparticles, polymeric micelles and
a plethora of other nanotechnology-enabled treatment modali-
ties. Additionally, approaches such as targeted drug delivery,
hyperthermia, radiation therapy, DNA or RNA interference
therapies, as well as monoclonal antibodies, are gaining
increasing attention within clinical trials and are poised to
reshape the landscape of cancer treatment (59). These develop-
ments hold the promise of enhancing the efficacy and precision
of cancer medicine, potentially improving the outcomes of
patients with cancer.

Nanomedicine revolutionizing cardiology. Researchers
are actively pursuing less invasive therapies for diseases, such
as diabetes and heart-related conditions, and nanotechnology
is offering promising avenues for these advancements. In the
realm of cardiovascular gene therapy, a multifaceted process
is at play, involving the identification of a protein capable of
stimulating blood vessel growth, the synthesis and encapsu-
lation of DNA strands containing the gene responsible for
producing this protein, and the precise delivery of this DNA to
cardiac muscle tissues.

Nanotechnology also facilitates the creation of
muscle-powered nanoparticles, which possess the ability to
transmit signals into cells, potentially serving as replacements
for various tissues that have lost their biological function, such
as the sinoatrial node. Additionally, nanotechnology holds the
potential to enhance the immunogenicity of cardiac implant-
able devices and exert control over key limiting factors at the
cellular level in procedures, such as percutaneous transluminal
coronary angioplasty. This influence may markedly affect the
management of infections, particularly those that are often
challenging to treat and carry a high risk, such as coronary
artery disease (60). Another application of nanotechnology
in cardiology involves the detection of complementary DNA

strands, relying on the identification of single-walled carbon
nanotube complexes containing single-stranded DNA. These
innovations underscore the transformative potential of
nanotechnology in advancing cardiovascular medicine and
diagnosis.

Regenerative nanomedicine and tissue regeneration.
Tissue engineering represents a multidisciplinary approach
that amalgamates principles from engineering and biological
sciences to enhance, restore, or replace the functionality of
tissues and organs within the human body. The overarching
objective is to provide a customized tissue scaffold that the
body recognizes as ‘self” and employs to generate ‘neo-native’
functional cells. The ultimate aim is to enable the body's own
cellular components to engage in the process of self-repair.
Nevertheless, the demand for transplantable organs far
exceeds the available supply, prompting exploration into
regenerative therapies as a potential solution to this pressing
issue. Nanotechnology emerges as a promising tool capable of
accelerating the advancement of organ engineering (61).

The future of advanced healthcare appears poised to
leverage nanotechnology, potentially deploying nanorobots
implanted within patients to deliver therapies at the cellular
level. This innovation offers the prospect of gaining deeper
insight into the behavior of cells, bacteria, viruses and other
biological entities. It may facilitate the identification and
prevention of emerging diseases, restore lost sensory capa-
bilities, streamline genome sequencing processes, enhance
the ability to trace and comprehend the underlying biological
origins of mental illnesses and spark renewed curiosity and
exploration. Nanomaterials have the potential to play a pivotal
role in bioengineering, particularly in the field of bioprinting,
where nanomaterial-based structures, including proliferation
agents, are employed to artificially stimulate cell growth.
Progress in nanotechnology-driven tissue engineering holds
the promise of extending the lifespan of both humans and other
animals (62). These developments represent groundbreaking
strides in the pursuit of advanced healthcare solutions.

Nanomedicine as a tool for transforming drug delivery
strategies. Nanovehicles, comprising nano-elements engi-
neered for precise localization within specific regions of the
body where they are needed to enhance therapeutic outcomes,
have emerged as a profoundly significant application of nano-
technology over the past decade. The primary objective of
these nanodevices is to enhance treatment effectiveness, while
concurrently reducing the levels of toxicity associated with
medical interventions (63). Consequently, nanodiagnostics and
nanodrugs have been developed to enhance pharmacokinetic
properties, thereby facilitating the precise delivery of thera-
peutic doses, reducing the severe toxicities often associated with
conventional drugs in current medical practice, and ultimately
improving patient health. This advancement has paved the way
for a diverse array of medications that harness nanocarriers
and innovative administration routes, marking a transformative
shift in healthcare delivery and patient outcomes.

Nanomedicine as a cargo for gene delivery. Traditionally,
three primary techniques have been employed for gene transfer:
Physical methods, chemical approaches and viral systems.
However, recent technological advancements have led to the
recognition that nanoparticles hold substantial promise as
carriers for delivering various biomolecules, including RNA
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and DNA, among others. The amalgamation, characterization
and functionalization of nanomaterials tailored for applica-
tions in targeted gene delivery represent an increasingly
deliberate subfield within the domain of nanomedicine.

In the realm of gene transfer, a diverse array of nanostruc-
tures has been harnessed, encompassing lipids, polymers,
graphene, carbon nanotubes, nanospheres and various
inorganic entities. Functionalized nanomaterial-based gene
delivery platforms have garnered substantial attention due to
their persistent ability to efficiently transfer genetic material
to target tissues while maintaining the stability of the genetic
cargo.

Despite the immense potential of utilizing nanopar-
ticle-based DNA delivery systems for treating a spectrum of
lethal genetic and acquired disorders, it is noteworthy that none
of these DNA delivery approaches have received full approval
from the FDA. This hesitancy is rooted in concerns regarding
the overall toxicity of nanomaterials and their limited capacity
for gene transfection in vivo.

The burgeoning field of nanomedicine offers promising
prospects for the early diagnosis and treatment of ailments,
such as Alzheimer's disease, cancer, diabetes and cardiovas-
cular conditions, underscoring its potential to revolutionize
healthcare practices and outcomes (61).

6. Conclusion and future perspectives

In recent years, substantial efforts have been directed towards
the development of novel methods for green synthesis. The
optimal green synthesis approach for AgNPs involves using
environmentally friendly methods, such as plant extracts
or microorganisms, to reduce silver ions and stabilize the
nanoparticles. Green synthesis, as a broader concept, encom-
passes approaches involving the utilization of microbes or
plants, thereby aligning with principles and policies aimed at
minimizing adverse environmental impacts and fostering a
sustainable approach to nanoparticle synthesis. This approach
minimizes the use of hazardous chemicals and promotes
sustainable nanotechnology. The present review mainly
focused on the growing demand for AgNPs and the diverse
array of methodologies employed in their synthesis. Numerous
of these methods rely on biomolecules as pivotal agents driving
the synthesis process.

However, further comprehensive investigations are
warranted to address lingering questions related to the
mechanisms, yield and the establishment of suitable reac-
tors for achieving large-scale production. Additionally,
extensive research efforts are indispensable for gaining a
deeper understanding and assessment of the roles played by
various biomolecules as reducing and stabilizing agents. It
is worth noting that if external control agents are employed
in conjunction with these processes, meticulous atten-
tion to the stability of the nanoparticles may be essential.
This approach holds the potential to yield nanoparticles of
enhanced efficiency.

The controlled and precise synthesis of rootless-mediated
nanoparticles may be attainable through the integration of
emerging scientific advancements, ultimately contributing to
the optimization of the properties and functionalities of these
nanoparticles for a wide range of technical applications.
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Patent status. The interdisciplinary character of nanotech-
nology raises new technical and legal questions for the
evaluation, classification, and analysis of patent systems world-
wide. To guarantee that their ideas are adequately protected,
inventors and researchers must abide by the laws now in
effect under the patent systems in both their home countries
and foreign nations. Over the past 10 years, there has been an
average annual growth rate of 25% in the number of researchers
working in the area, scientific articles, products, and worldwide
in clothing. Moreover, the number of global patent applications
has increased at an average annual rate of ~35% (64).
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