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and limitations of each approach. Chemical synthesis often involves reducing
agents like sodium borohydride and ascorbic acid, producing nanoparticles with
controlled size and shape but posing environmental risks. Physical methods, such
as laser ablation and ball milling, offer high-purity nanoparticles but require
significant energy and specialized equipment. Biological synthesis, using plant
extracts, bacteria, and fungi, provides a green alternative, producing biocompatible
nanoparticles though with variable results. Recent advancements emphasize green
synthesis methods, particularly the use of gallic acid, a natural antioxidant, which
offers a consistent, eco-friendly, and efficient approach to nanoparticle production.
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Physical synthesis After comparing the advantages and disadvantages using the latest literature, the
Biological synthesis study finds that the biological synthesis method, especially with gallic acid, is the
Green synthesis most preferable due to its biocompatibility and ability to produce stable, uniform
Gallic acid nanoparticles. The review explores the potential applications of AgNPs in

medicine, electronics, and environmental science, concluding that gallic acid-
mediated synthesis is particularly suited for biomedical applications. This
comprehensive review aims to provide a detailed understanding of AgNP synthesis
methods, contributing to the advancement of this crucial field in nanotechnology.

1. Introduction heterogeneous catalysts in organic transformations,
particularly in the synthesis of heterocyclic frameworks,
owing to their ability to enhance yield, selectivity, and
reaction efficiency under mild conditions [3, 4].

Recent advancements in nanotechnology have
enabled the development of various synthesis methods
for AgNPs, each offering distinct advantages and
addressing specific challenges. This review aims to
provide a comprehensive overview of the methods used
to synthesize AgNPs, with a focus on recent
advancements and future prospects. Previous studies
have highlighted the importance of optimizing synthesis
methods to achieve desired particle sizes and shapes,

Nanoparticles exhibit size-dependent
physicochemical behaviors that diverge markedly from
bulk matter, enabling broad functional utility across
science and technology [1, 2].

Among them the synthesis of silver nanoparticles
(AgNPs) has garnered significant attention due to their
unique properties and wide range of applications in fields
such as medicine, electronics, and environmental science.
These nanoparticles exhibit remarkable antimicrobial,
optical, and electrical properties, making them suitable
for diverse applications. In addition, both AgNPs and
Ag>O nanoparticles have emerged as efficient
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which are crucial for their application-specific properties
[5]. The drive towards greener and more sustainable
synthesis methods has also been a significant focus, with
researchers exploring eco-friendly alternatives to
traditional chemical and physical methods. Recent
literature has reported innovative approaches and
modifications to existing techniques to enhance the
efficiency, yield, and biocompatibility of AgNPs [6]. For
instance, biosynthesis methods using plant extracts and
microorganisms have shown promising results, offering a
green alternative to conventional methods. Additionally,
the development of hybrid methods combining chemical
and biological approaches has been explored to improve
nanoparticle stability and functionality [7]. This review
consolidates these findings, providing a detailed
examination of current trends and future directions in the
synthesis of AgNPs.

2. Importance and  Applications of  Silver
Nanoparticles
Silver nanoparticles (AgNPs) have attracted

considerable interest due to their unique properties,
which stem from their high surface area-to-volume ratio
and the presence of quantum size effects. These
properties confer upon AgNPs a wide range of
functionalities, making them suitable for diverse
applications in various fields such as medicine,
electronics, and environmental science (Figure 1).

2.1. Medical Applications

In the medical field, AgNPs are extensively utilized
due to their potent antimicrobial properties. They are

commonly incorporated into wound dressings, catheters,
and surgical instruments to prevent infections. The
antimicrobial activity of AgNPs is largely attributed to
their ability to release silver ions, which disrupt the
cellular processes of a broad spectrum of pathogenic
microorganisms, including bacteria, viruses, and fungi
[8].

This makes AgNPs invaluable in healthcare settings
where infection control is critical, particularly in the
prevention of hospital-acquired infections.

One of the most promising areas of research involves
the use of AgNPs in the development of advanced wound
dressings. These dressings not only prevent infection but
also promote healing by maintaining a moist
environment, which is essential for tissue regeneration.
AgNPs are often integrated into hydrogels, foams, or
bandages, providing a sustained release of silver ions that
ensures prolonged antimicrobial activity.

In addition to wound care, AgNPs have been explored
for their potential in cancer treatment. Research has
demonstrated that AgNPs can induce apoptosis
(programmed cell death) in cancer cells, which may offer
a pathway for targeted cancer therapies [9]. AgNPs have
shown the ability to enhance the effects of traditional
chemotherapy agents, potentially allowing for lower
doses of toxic drugs while maintaining or even improving
therapeutic efficacy. This synergy between AgNPs and
chemotherapy agents is an area of significant interest,
particularly for treating drug-resistant cancers.

Moreover, AgNPs are being utilized in diagnostic
applications. They are employed in the creation of
biosensors designed to detect biomolecules, pathogens,
and even specific DNA sequences with high sensitivity.

1. Antiseptic agent containing silver
nanoparticles

2. Drinking water with silver nanoparticles
3. Catheters with silver nanoparticles

4. Wound dressings containing silver
nanoparticles

5. Surgical instrumenis containing silver
nanoparticles

6. Layer of silver nanoparticles on sensors
7. Silver nanoparticles in photovoltaic
layers

8-9. Silver in microchips

\ 10, Silver in electronic sensors

11. Masks containing silver nanoparticles
12 Aiir filter with silver nanoparticles

13. Aquarium filter with silver
nanoparticles

14. Water filter with silver nanoparticles
15. Silver nanoparticle sponge

Fig. 1. Modern applications of silver nanoparticles

1156



Chem Rev Lett 8 (2025) 1155-1168

The plasmonic properties of AgNPs enhance the
signal output in various sensor designs, making them
particularly useful in point-of-care diagnostics and early
detection of diseases [10]. This is critical in the
management of infectious diseases, where rapid and
accurate detection can significantly improve patient
outcomes.

The biocidal properties of AgNPs also extend to
coatings on medical devices, such as implants and
prosthetics, which are prone to biofilm formation.
Biofilms are communities of microorganisms that adhere
to surfaces and are notoriously difficult to eradicate with
standard antimicrobial treatments. AgNP coatings can
prevent the initial adhesion of bacteria and disrupt biofilm
formation, thereby reducing the risk of infection
associated with implanted medical devices [11]. This
application is particularly relevant in the context of
orthopedic and cardiovascular implants, where infections
can lead to severe complications and require complex
revision surgeries.

2.2. Electronic Applications

In the field of electronics, AgNPs are valued for their
excellent electrical conductivity. They are key
components in the development of conductive inks and
pastes used in flexible electronics, printed circuits, and
touch screens. The small size and high surface area of
AgNPs enable the production of highly conductive films
and coatings, which are essential for the advancement of
flexible and wearable electronic devices [12].
Furthermore, AgNPs are used in the fabrication of
sensors and photovoltaic devices. Their unique optical
properties, such as localized surface plasmon resonance
(LSPR), enhance the sensitivity and performance of
sensors, making them capable of detecting low
concentrations of analytes [13]. In solar cells, AgNPs are
employed to improve light absorption and enhance the
efficiency of energy conversion, contributing to the
development of more efficient and cost-effective
photovoltaic systems [14].

2.3. Environmental Applications

Silver nanoparticles also play a significant role in
environmental science, particularly in water treatment
and air purification. AgNPs are incorporated into
filtration systems to remove contaminants and pathogens
from water, providing a more effective means of water
purification compared to traditional methods [15]. The
antimicrobial properties of AgNPs ensure that the treated
water is free from harmful microorganisms, making it
safe for consumption [16]. In air purification, AgNPs are
used in coatings and filters to eliminate airborne
pathogens and pollutants. They are effective in degrading
volatile organic compounds (VOCs) and other harmful
substances, improving air quality in indoor and outdoor

environments [17]. Additionally, AgNPs are being
explored for their potential in soil remediation, where
they can help break down toxic substances and promote
the growth of beneficial microorganisms [18].

3. History of Silver Nanoparticles

The use of silver for its antimicrobial properties dates
back thousands of years, with evidence of its use in
ancient civilizations such as the Egyptians, Greeks, and
Romans. These early cultures utilized silver in various
forms, including vessels, coins, and powders, to preserve
food, purify water, and treat wounds. Silver's ability to
prevent spoilage and infection was well recognized, even
if the mechanisms behind these effects were not fully
understood at the time [19]. The Phoenicians, for
instance, stored water, wine, and vinegar in silver vessels
to prevent contamination, and Hippocrates, the father of
medicine, wrote about the use of silver for wound care
and disease treatment [20].

The scientific exploration of silver's antimicrobial
properties began in earnest during the 19th century. In
1884, the German obstetrician Carl Crede introduced the
use of silver nitrate eye drops to prevent neonatal
conjunctivitis, a practice that significantly reduced the
incidence of blindness in newborns [21]. This application
of silver nitrate marked one of the earliest documented
uses of silver in a medical context, leading to further
exploration of silver compounds in various therapeutic
applications.

The advent of antibiotics in the mid-20th century led
to a decline in the use of silver in medicine, as penicillin
and other antibiotics became the preferred treatment for
bacterial infections. However, the rise of antibiotic-
resistant bacteria in the latter part of the 20th century
reignited interest in silver as an alternative antimicrobial
agent. Researchers began to explore the potential of silver
nanoparticles (AgNPs) as a more effective and versatile
form of silver due to their enhanced surface area and
reactivity [22].

The scientific exploration of silver nanoparticles
began in the late 20th century, with pioneering work
focusing on their synthesis and antimicrobial properties.
In 1959, Richard Feynman, in his famous lecture "There's
Plenty of Room at the Bottom," alluded to the
possibilities of manipulating matter on an atomic scale,
which later inspired research in nanotechnology.
However, it wasn't until the 1970s that practical research
into metal nanoparticles, including silver, gained traction.
During this period, researchers developed methods for
producing metal colloids, including silver, using
chemical reduction techniques. These early studies laid
the groundwork for understanding the unique properties
of nanoparticles and their potential applications [23].

One of the key milestones in the field of silver
nanoparticles was the development of the Turkevich
method in 1951, which originally applied to gold but later
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adapted for silver nanoparticles. This method involves
the reduction of silver nitrate using citrate as a reducing
agent and stabilizer, producing colloidal silver with
controlled size and shape. The Turkevich method remains
a fundamental technique in nanoparticle synthesis, and its
principles continue to inform modern synthesis methods
[24].

In the 1990s, advancements in microscopy and
spectroscopy allowed for the precise characterization of
nanoparticles, leading to a deeper understanding of their
size-dependent properties. This period saw significant
progress in the controlled synthesis of silver
nanoparticles, with researchers exploring various
chemical, physical, and biological methods to produce
nanoparticles with specific sizes, shapes, and
functionalities. These advancements expanded the range
of applications for silver nanoparticles, particularly in the
fields of medicine, electronics, and environmental
science [25].

The last decade has witnessed exponential growth in
nanoparticle research, with silver nanoparticles (AgNPs)
gaining particular interest due to their broad-spectrum
applications in fields like medicine, electronics, and
environmental science. According to recent bibliometric
data, the study of nanoparticles, especially AgNPs, has
gained momentum with over 66,838 published
documents in the the last between 2021 and 2024. Of
these 7,682 publications are specifically related to silver
nanoparticles, comprising 11,5% of the total literature on
nanomaterials. This rise in publications underscores the
substantial research interest in AgNPs [26].

One of the dominant trends in AgNP research has been
the focus on the green synthesis of nanoparticles,
addressing the growing concerns about the environmental
and toxicological implications of chemically synthesized
AgNPs [27]. Researchers have prioritized methods that
use biological extracts (from plants, bacteria, and fungi)
to synthesize AgNPs in a more sustainable and
biocompatible manner. This has led to advancements in
the production of nanoparticles that are safer for
biomedical applications, including drug delivery systems
and antimicrobial coatings [28].

Moreover, analysis of patent filings over the last five
years reveals an interesting shift. Approximately 38% of
the patents related to AgNPs are focused on new
synthesis techniques, while 18.1% explore properties
associated with their physical and chemical
characteristics [29]. The higher ratio of method-based
patents suggests that green synthesis is not just a
scientific curiosity but a commercially viable field with
the potential for large-scale industrial applications.

As industries recognize the importance of sustainable
production methods, there has been a noticeable decline
in patents based on traditional chemical synthesis
approaches. This trend suggests that researchers and
industry  professionals are  exploring  novel,

environmentally benign techniques for producing
AgNPs, especially methods involving plant-based
reducing agents like galli ¢ acid, as previously mentioned.
These advancements in green chemistry aim to minimize
the harmful environmental effects typically associated
with nanoparticle production [30].

4. Methods for synthesizing silver nanoparticles

Silver nanoparticles (AgNPs) can be synthesized
using three primary approaches: physical, chemical, and
biological methods [31]. Each method offers unique
advantages and limitations, making them suitable for
different applications. Physical methods, such as laser
ablation and evaporation-condensation, are known for
producing high-purity nanoparticles without the use of
stabilizing agents. Chemical methods often involve the
reduction of silver salts using reducing agents, offering
precise control over particle size and shape. Biological
methods utilize natural extracts or microorganisms for
eco-friendly nanoparticle synthesis, though challenges in
scalability remain. The choice of synthesis method
depends on factors like desired particle characteristics,
cost, and environmental considerations [32].

4.1. Physical Methods for
Nanoparticles

Synthesizing Silver

Physical methods for synthesizing silver nanoparticles
(AgNPs) typically rely on the use of physical forces or
conditions to induce the production of nanoparticles.
These methods are known for their ability to produce
particles with controlled size and shape while avoiding
the use of chemical reagents, thus reducing potential
impurities in the final product. Common physical
methods include evaporation-condensation, laser
ablation, and physical vapor deposition (PVD), among
others [33]. This section provides an overview of these
methods along with notable studies conducted by
researchers in the field.

4.1.1. Evaporation-Condensation Method

This technique involves the generation of
nanoparticles by heating a bulk silver source under
reduced pressure until it vaporizes, followed by
condensation of the vapor to form nanoparticles. The size
and morphology of the particles can be influenced by
factors such as temperature, pressure, and carrier gas flow
rate [34].

In one study, Sakono et al. demonstrated the
effectiveness of the evaporation-condensation method for
producing nanoparticles with a narrow size distribution.
The researchers used a silver target and optimized the
process  conditions to produce monodisperse
nanoparticles suitable for various applications [35].
Another significant contribution was made by Rahman
and colleagues, who investigated the role of cooling rates
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during condensation. They reported that rapid cooling
resulted in smaller nanoparticles with high stability,
which is essential for optical and electronic applications
[36]. One significant limitation of the evaporation-
condensation method for synthesizing silver
nanoparticles (AgNPs) is the high energy consumption
required for the process. This method involves heating a
bulk silver source to high temperatures, leading to
substantial energy costs, especially for large-scale
production. Additionally, maintaining a controlled
environment, such as vacuum or inert gas conditions,
further increases operational expenses [37].

4.1.2. Laser Ablation Method

Laser ablation is a physical process in which a high-
energy laser beam is directed onto a silver target
submerged in a liquid medium or kept in an inert gas
atmosphere. This process creates plasma, which leads to
the ejection of silver atoms and their subsequent
aggregation into nanoparticles [38].

Ganash et al. were among the first to study laser
ablation for synthesizing AgNPs in water. They
highlighted that the method does not require stabilizing
agents, making it an environmentally friendly alternative.
Their work also demonstrated that laser wavelength and
pulse duration significantly influence particle size and
distribution [39] (Figure 2).

I x "
H High-energy laser . Silver atoms

2 B - < ]
= Piece of silver >, Silver nanoparticles

Ethanol

Fig. 2. Mechanism of Synthesis of Silver Nanoparticles via
Laser Ablation Method

Another notable study by Ali et al. explored laser
ablation in various liquids, including ethanol and acetone.
The researchers observed that the choice of liquid
medium greatly affects the stability and size of the
nanoparticles, with ethanol providing better size control
due to its stabilizing properties [40]. The synthesis of
silver nanoparticles through laser ablation is costly,
primarily due to the expensive laser systems and the
necessity for precise adjustments of parameters like pulse
duration and energy fluence. Moreover, this technique
generally yields a low production rate, with
inconsistencies in particle size and a tendency for
nanoparticle aggregation, often requiring additional
treatments to improve stability and usability [41].

4.1.3. hysical Vapor Deposition (PVD)

PVD involves the vaporization of a silver source in a
vacuum chamber, followed by the deposition of
nanoparticles onto a substrate. This method is particularly
suitable for producing uniform nanoparticle films for
optical and electronic devices [42].

Durmanov et al. investigated the use of PVD for
fabricating thin films of silver nanoparticles on silicon
substrates. Their study revealed that the deposition rate
and substrate temperature play critical roles in
determining the particle size and coverage density [43].

Another study by Yang et al. focused on optimizing
PVD parameters for large-scale production. They
demonstrated that by controlling the chamber pressure
and deposition angle, it is possible to achieve consistent
nanoparticle characteristics, making this method viable
for industrial applications.

4.2. Chemical Synthesizing Silver Nanoparticles

Chemical methods are versatile and commonly used
approaches for synthesizing silver nanoparticles
(AgNPs), allowing precise control over their size, shape,
and properties [44]. These methods typically involve
chemical reduction, microemulsion, or photochemical
techniques, each with its unique advantages and
applications. Here, we detail the mechanisms, reagents,
and influencing factors involved in these processes.

4.2.1. Reduction Using Sodium Borohydride
(NaBH4)

The chemical reduction method transforms silver ions
(Ag*) into elemental silver (Ag®) using reducing agents.
One of the most commonly used reducing agents for the
synthesis of silver nanoparticles by chemical reduction is
sodium borohydride (NaBH,), which reacts with the
following mechanism and reduces silver to silver atoms.
Several of the resulting silver atoms combine to form a
silver nanoparticle [45].

2AgNO;s + 2NaBHy — 2Ag® + Hx+B2Hg + 2NaNO;

Y

Igbal et al. (2024) synthesized sodium alginate-coated
silver nanoparticles using sodium borohydride (NaBH4)
as a reducing agent and investigated their potential as
mitochondria-targeted drug delivery systems for breast
cancer therapy. Their study demonstrated that
resveratrol-loaded sodium  alginate-coated  silver
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nanoparticles exhibited enhanced antioxidant activity and
significant anticancer effects against MCF-7 breast
cancer cells. This approach highlights the potential of
nanocarriers in targeted cancer treatment [46]. Liu et al.
(2023) synthesized silver nanoparticles using sodium
borohydride (NaBH4) as a reducing agent, two-step
enhanced Raman technique, where the NaBHj synergistic
chemical and physical enhancement of highly sensitive
and non-invasive platform for food safety,
pharmaceuticals, and medical diagnostics [47].

Silver nanoparticle synthesis is highly dependent on
the choice of reducing agents, as demonstrated by
Velgosova et al. (2022). Their research systematically
examined the effects of sodium borohydride (NaBH.),
trisodium citrate (TSC), polyvinylpyrrolidone (PVP), and
hydrogen peroxide (H:0:) on nanoparticle formation,
revealing that NaBHa4 plays a crucial role in rapidly
reducing Ag® ions to Ag’. Interestingly, while NaBHa
contributed to fast nucleation and the formation of small
spherical nanoparticles, TSC was found to be a key
determinant in shaping the final morphology of the
particles. The study also illustrated how different reagent
combinations influenced solution color, particle size, and
structural variation, with UV-Vis spectroscopy and TEM
analysis confirming the presence of various shapes,
including spherical, triangular, hexagonal, and irregular
structures. These findings emphasize the importance of
reagent selection in tailoring nanoparticle properties for
specific applications [48].

The stability and transformation of ultrasmall silver
nanoparticles in aqueous environments remain a crucial
topic in nanomaterials research. Wolff et al. (2024)
synthesized  ultrasmall  glutathione-coated  silver
nanoparticles (2 nm) using sodium borohydride (NaBH4)
as a reducing agent, highlighting its essential role in the
rapid reduction of Ag' ions. Their study revealed a
gradual conversion of these silver nanoparticles into
silver sulfide nanoparticles due to ligand-induced
hydrogen sulfide (H2S) release, which reacted with the
silver core over four weeks. Notably, this transformation
significantly altered the nanoparticles’ chemical,
physical, and biological properties, with freshly
synthesized particles exhibiting higher cytotoxicity
against cells and bacteria due to the presence of silver
nanoclusters. These findings emphasize the importance
of nanoparticle aging and environmental interactions in
determining  their long-term  functionality and
biocompatibility [49].

The sodium borohydride method is hindered by its
toxicity and environmental impact, along with challenges
in preventing nanoparticle aggregation without stabilizers
[50].

4.2.2. Reduction Using Ascorbic Acid (C¢HgOg)

Ascorbic acid, a naturally occurring reducing agent,
has been extensively studied for synthesizing silver

nanoparticles (AgNPs) due to its biocompatibility and
antioxidant properties. Reaction equation:

2AgNO3+C6H306—>2Ag°+C6H606+2HNO3

The hydroxyl groups in ascorbic acid donate electrons
to silver ions, converting them into metallic silver.
During this process, ascorbic acid is oxidized to
dehydroascorbic acid (C¢HgOg) [51].

Mughal et al. (2024) developed a facile, room-
temperature synthesis approach for
cetyltrimethylammonium bromide (CTAB)-coated silver
nanoparticles (AgNPs) using ascorbic acid as a reducing
agent in a basic reaction medium. Their findings revealed
that by adjusting CTAB concentration and pH levels, it is
possible to optimize nanoparticle yield, size uniformity,
and stability, making the synthesized AgNPs highly
effective for long-term storage in both light and dark
conditions [52]. Biosynthesized silver nanoparticles
(AgNPs) using L-ascorbic acid as a reducing agent,
demonstrating their potential application in skin lesion
treatments due to their antimicrobial activity and
biocompatibility. Their study revealed that the AgNPs
exhibited strong inhibitory effects against both Gram-
positive and Gram-negative bacteria, maintained low
cytotoxicity on VERO cells, and only affected seed
growth at higher concentrations, highlighting their safety
profile and promising role in biomedical applications
[53].

Qin et al. (2010) demonstrated the synthesis of
spherical AgNPs with a size range of 10-30 nm using
ascorbic acid at room temperature. The study highlighted
that the pH of the reaction medium significantly
influenced the size and distribution of nanoparticles, with
alkaline conditions favoring smaller, more uniform
particles. The biocompatible nature of the nanoparticles
made them suitable for applications in drug delivery and
biosensing [54].

The ascorbic acid method for synthesizing silver
nanoparticles has limitations, including its mild reducing
power leading to slower reactions and larger particles, as
well as challenges with nanoparticle stability and
sensitivity to reaction conditions. [55]

4.2.3. Reduction Using Hydrazine (N;H,)

The reduction of silver ions (Ag*) to form silver
nanoparticles (AgNPs) using hydrazine (NH,) is a
common method in nanoparticle synthesis [56]. Below is
the reaction equation for this process:

2Ag+NoHs—2A g N, +2H,0

In this method, like the above, the reduced silver
atoms combine to form nanoparticles [57].

The study explored the effect of hydrazine
concentration, revealing that higher concentrations of
hydrazine resulted in smaller nanoparticles, suggesting
that hydrazine concentration directly influenced
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nucleation and growth rates. The synthesized AgNPs
exhibited excellent catalytic properties for the reduction
of organic pollutants, making them promising candidates
for environmental remediation applications. Dugandzi¢
et al. highlighted the simplicity of the method and the
high yield of nanoparticles, though they noted that careful
control of hydrazine concentration is crucial to prevent
particle aggregation [58]. Charistoudi and colleagues
focused on synthesizing silver nanoparticles using
hydrazine hydrate and investigated the influence of pH on
the particle size and stability. They found that an alkaline
pH favored the reduction reaction, resulting in more
uniform and smaller nanoparticles (~5 nm), while a
neutral or acidic pH led to the formation of larger
particles with more varied sizes. These AgNPs exhibited
strong antibacterial activity against both Gram-positive
and Gram-negative bacteria, with the authors concluding
that hydrazine-reduced AgNPs could serve as a viable
alternative for antibiotic treatments [59]. Ghosh et al.
explored the synthesis of silver nanoparticles using
hydrazine as a reducing agent, with an emphasis on the
effect of reaction temperature and time on particle
morphology. The study demonstrated that increasing the
temperature accelerated the reduction process and led to
the formation of smaller nanoparticles (~7 nm) with
narrower size distributions. In contrast, prolonged
reaction times resulted in larger particles and less uniform
dispersions. The researchers also investigated the
stability of the AgNPs in various solvents and found that
the nanoparticles were stable for several weeks in water,
but showed aggregation in organic solvents without
stabilizing agents [60]. Obtaining silver nanoparticles
with hydrazine can be disadvantageous due to hydrazine's
toxicity, potential environmental hazards, and the need
for careful handling to avoid harmful exposure. [61]

4.2.4. Reduction Using Glucose (C¢H1206)

Silver nanoparticles can be synthesized by reducing
silver ions (Ag") with glucose (CsH12056) as a reducing
agent, where glucose is oxidized to gluconic acid,
resulting in the formation of metallic silver nanoparticles.
Reaction equation:

ZAgNO3+C6H 1206—>2Ag°+C6H1207

Multiple studies have investigated glucose-based
synthesis methods and have shown that factors like
temperature and pH significantly influence the reaction
efficiency [62]. Research findings suggest that an
alkaline environment accelerates reduction, leading to
well-dispersed AgNPs with controlled morphology.

Another study explored how the addition of sodium
hydroxide enhances the role of glucose in nanoparticle
synthesis [63, 64]. It was observed that NaOH improves
reaction efficiency and particle stability while affecting
nanoparticle shape and size, depending on glucose
concentration and reaction time.

In a different approach, researchers examined the
stabilizing effect of modified forms of starch and
cellulose derivatives when combined with glucose,
reporting that this mixture yields uniformly sized
spherical AgNPs. [65, 66]. The presence of starch plays a
key role in preventing nanoparticle aggregation, ensuring
long-term stability of the colloid. Moreover, glucose-
mediated AgNP synthesis has also been performed at
room temperature using silver nitrate as the precursor
[67]. Furthermore, reaction parameters must be carefully
optimized to prevent nanoparticle aggregation, which can
compromise their uniformity and stability. Silver
nanoparticles synthesized using [p-D-glucose as a
reducing agent (AgNPs-G) have dantitumor efficacy in a
breast cancer mouse model, neoadjuvant therapy
toAgNPs-G treatment significantly suppressed tumor
growth and reduced metastatic lung nodules, while also
influencing expression, a key marker of cell proliferation.
These findings highlight the potential of glucose-reduced
silver nanoparticles as an alternative therapeutic strategy,
though further investigations are required to fully
understand their mechanisms and optimize their clinical
application [68]. The results confirmed that glucose is
capable of producing nanoparticles with desirable optical
and structural properties, making them suitable for
diverse applications. Despite these advantages, glucose
does have some limitations as a reducing agent. Studies
indicate that due to its mild reducing nature, glucose-
mediated reduction proceeds more slowly than stronger
agents like sodium borohydride, often resulting in larger
particle sizes [69].

4.2.5. Photochemical Synthesis of Silver
Nanoparticles

Photochemical synthesis is an emerging method for
producing silver nanoparticles (AgNPs) that utilizes light
energy to drive the reduction of silver ions (Ag") to
metallic silver (Ag®). This method is advantageous due to
its simplicity, cost-effectiveness, and ability to produce
nanoparticles with controlled size and morphology
without the need for harsh reducing agents. The process
typically involves irradiating a solution containing a
silver precursor, such as silver nitrate (AgNOs), and a
stabilizing agent with ultraviolet (UV) or visible light.
The light energy excites the silver ions, leading to their
reduction and subsequent nucleation into nanoparticles
[70].

Recent studies have demonstrated the effectiveness of
photochemical synthesis in producing AgNPs with high
purity and uniformity. For instance, Yunusov et al. (2025)
reported the synthesis of spherical AgNPs with an
average size of 15 nm using UV light irradiation in the
presence of polyvinyl alcohol, carboxymethylcellulose as
a stabilizing agent. The researchers highlighted that the
wavelength and intensity of the light significantly
influenced the particle size distribution, with shorter
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wavelengths yielding smaller nanoparticles [71-72]
(Figure 3).
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Fig. 3. Mechanism of Photochemical Synthesis of Silver
Nanoparticles

One of the key advantages of photochemical synthesis
is its ability to produce nanoparticles under ambient
conditions, making it an environmentally friendly
alternative to traditional chemical methods. Additionally,
the method allows for precise control over the reaction
kinetics by adjusting parameters such as light intensity,
irradiation time, and the concentration of the silver
precursor [73].

However, challenges remain in scaling up the process
for industrial applications, as the efficiency of light
absorption and the uniformity of nanoparticle formation
can vary depending on the reaction setup [74].

Recent advancements in photochemical synthesis
have also explored the use of plasmonic effects to
enhance the reduction process. For example, Li et al.
(2024) demonstrated that the incorporation of gold
nanoparticles as plasmonic enhancers could significantly
accelerate the reduction of silver ions, leading to the
formation of AgNPs with narrow size distributions and
improved stability [75].

These innovations highlight the potential of
photochemical synthesis as a versatile and sustainable
approach for producing AgNPs with tailored properties
for various applications.

4.3. Biological Synthesis of Silver Nanoparticles

The biological synthesis of silver nanoparticles
(AgNPs) has gained significant attention in recent years
due to its eco-friendly nature and ability to produce
biocompatible nanoparticles. Unlike traditional chemical
and physical methods, biological synthesis utilizes
natural sources such as plants, microorganisms, and
biomolecules to reduce silver ions (Ag") into metallic
silver nanoparticles (Ag°) [76, 77].

This approach not only minimizes the use of toxic
chemicals but also offers a sustainable and cost-effective
alternative for nanoparticle production. Researchers have
explored various biological systems, each with unique
mechanisms and advantages, to synthesize AgNPs with
controlled size, shape, and functionality.

Below, we discuss the three main categories of
biological synthesis: plant-mediated, microorganism-
mediated, and biomolecule-mediated synthesis.

4.3.1. Microorganism-Mediated Synthesis

Microorganisms, including bacteria, fungi, and algae,
have shown remarkable potential in synthesizing AgNPs.
These organisms utilize their unique metabolic pathways
and enzymes to reduce silver ions and stabilize the
resulting nanoparticles.

Bacteria, such as Bacillus subtilis and Pseudomonas
aeruginosa, are among the most studied microorganisms
for AgNP synthesis. Extracellular enzymes produced by
these bacteria play a critical role in reducing silver ions
and stabilizing the nanoparticles. For instance, Bacillus
subtilis has been shown to produce AgNPs with potent
antimicrobial activity, effective against both Gram-
positive and Gram-negative bacteria [78]. Similarly,
Muddassir et al. (2022) reported that Pseudomonas
aeruginosa synthesizes AgNPs with applications in
medical devices and wound healing [79].

Fungi, such as Aspergillus niger and Fusarium
oxysporum, have also been widely explored for AgNP
synthesis. These fungi produce extracellular enzymes and
proteins that act as reducing and stabilizing agents. For
example, Nasr et al. (2024) used Aspergillus niger to
produce AgNPs with strong antifungal activity, making
them suitable for agricultural applications [80].
Meanwhile, Fusarium oxysporum has been employed to
synthesize AgNPs with potential applications in cancer
therapy, as they induce apoptosis in cancer cells [81].

Algae, such as Chlorella vulgaris and Spirulina
platensis, have also gained attention for their ability to
synthesize AgNPs. Chlorella vulgaris has been used to
produce nanoparticles with high photocatalytic activity,
effective in degrading organic pollutants [82]. Similarly,
Gul et al. (2024) showed that Spirulina platensis
synthesizes AgNPs with antioxidant and antimicrobial
properties, making them suitable for biomedical
applications [83].

Despite its advantages, microorganism-mediated
synthesis faces challenges such as slow reaction rates and
the need for sterile conditions. Recent studies have
addressed these challenges by optimizing growth
conditions and nutrient availability, significantly
improving nanoparticle yield and stability [84].

4.3.2. Biomolecule-Mediated Synthesis

Biomolecule-mediated synthesis involves the use of
isolated biomolecules, such as enzymes, proteins, and
polysaccharides, to produce AgNPs. This approach offers
high specificity and control over nanoparticle properties,
making it suitable for various applications.

Enzymes, such as nitrate reductase and laccase, have
been widely studied for their ability to synthesize AgNPs.
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For example, Kazeem et al. (2021) used nitrate reductase
to produce nanoparticles with high catalytic activity,
making them suitable for environmental applications
[85]. Similarly, Barabadi et al. (2024) employed laccase
to synthesize AgNPs with potential applications in
biosensing, as they enhance the sensitivity of biosensors
[86].

Proteins, such as bovine serum albumin (BSA) and
casein, have also been explored for AgNP synthesis.
Zhang et al. (2023) demonstrated that BSA can produce
nanoparticles with high biocompatibility, making them
suitable for drug delivery applications [87]. Casein, on
the other hand, has been shown to produce AgNPs with
enhanced stability and antimicrobial activity, effective
against a wide range of pathogens [88].

Polysaccharides, such as chitosan and alginate, have
gained attention for their ability to act as both reducing
and stabilizing agents. Aranaz et al. (2023) used chitosan
to synthesize AgNPs with potential applications in wound
healing, as they promote tissue regeneration [89].
Similarly, alginate has been employed to produce
nanoparticles with high antioxidant activity, making them
suitable for treating oxidative stress-related diseases [90].
Along with these advantages, biomolecule-mediated
synthesis faces challenges such as the high cost of
biomolecules and the need for precise reaction conditions
[91].

4.3.3. Plant-Based Synthesis of Silver Nanoparticles

Plant-mediated synthesis of silver nanoparticles
(AgNPs) has emerged as a widely accepted green
synthesis approach due to its simplicity, cost-
effectiveness, and sustainability. Various plant extracts,
containing diverse phytochemicals such as flavonoids,
phenolic acids, and alkaloids, serve as natural reducing
and stabilizing agents, facilitating the conversion of Ag*
ions into stable AgNPs [92].

Recent research highlights several plant species that
have demonstrated high efficiency in AgNP synthesis. In
2024, Prathibha et al. extensively used Azadirachta
indica (neem) leaf extract, which produced uniformly
distributed nanoparticles with potent antimicrobial
activity [93]. Similarly, in 2024, Pathak et al. employed
Ocimum sanctum (holy basil) extract for AgNP
formation, yielding highly stable nanoparticles with
strong antioxidant properties [94].

Additionally, in 2024, Haris et al. reported the
synthesis of  nanoparticles with enhanced
biocompatibility using Moringa oleifera extract, making
them ideal for medical applications [95].

Phytochemicals in plant extracts influence
nanoparticle size, shape, and stability. It has been
observed that adjusting the extract concentration and
reaction parameters, such as pH and temperature, can
optimize nanoparticle characteristics [96]. In a study
conducted by Soundharajan et al. (2025), Camellia

sinensis (green tea) extract was found to produce smaller
AgNPs with high surface-area-to-volume ratios,
increasing their effectiveness in biomedical and catalytic
applications [97].

Despite these advantages, the variability in plant
composition due to geographical and seasonal factors
poses challenges in achieving reproducibility. However,
recent advances, including microwave-assisted and
ultrasound-assisted synthesis, have improved process
consistency and nanoparticle uniformity [98]. In 2024,
Thai et al. developed hybrid methods by combining plant
extracts with other reducing agents, further enhancing the
stability and functional properties of AgNPs [99].

Researchers have actively explored various plant
extracts to improve nanoparticle synthesis. In 2025,
Kurra et al. successfully demonstrated that Cymbopogon
citratus (lemongrass) extract enables rapid AgNP
synthesis with notable antibacterial properties [100],
whereas Curcuma longa (turmeric) extract was used to
generate  nanoparticles  with  remarkable  anti-
inflammatory effects [101]. Similarly, in 2021, Nallal et
al. discovered that Allium sativum (garlic) extract
synthesizes AgNPs with potent antifungal activity,
further broadening their biomedical applications [102].

4.4. Gallic Acid-Mediated Synthesis
Nanoparticles

of Silver

The synthesis of nanoparticles using gallic acid (GA),
a naturally occurring polyphenol found in various plants,
has also gained prominence as a promising plant-based
method [103-105]. Gallic acid has shown great promise
in biomedicine due to its potent antioxidant, anti-
inflammatory, and antimicrobial properties [106]. Recent
studies highlight its potential in cancer therapy, where
gallic acid-derived nanoparticles exhibit selective
cytotoxicity against tumor cells while minimizing
damage to healthy tissues. Additionally, its ability to
enhance drug delivery efficiency makes it a valuable
stabilizing agent in nanoparticle-based therapeutic
systems [107]. Gallic acid also plays a crucial role in
wound healing, as its antimicrobial and regenerative
properties accelerate tissue repair [108]. With ongoing
research, its integration into nanomedicine could lead to
innovative treatments for infections, oxidative stress-
related diseases, and drug-resistant pathogens. Gallic acid
not only acts as a reducing agent, facilitating the
transformation of Ag* to Ag®, but also plays a critical role
as a stabilizer, preventing nanoparticle aggregation and
ensuring high dispersion [109]. The presence of hydroxyl
and carboxyl functional groups in GA enhances its
reducing capability, leading to the formation of
nanoparticles with controlled size and shape. Studies
have reported that varying the GA concentration, reaction
time, and pH can significantly influence AgNP
morphology and stability [110, 111]. In 2022, Williams
et al. found that increasing GA concentration results in
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smaller nanoparticles with a uniform distribution, which
is beneficial for biomedical applications [112].
Additionally, in 2015, Kim et al. demonstrated that GA-
based AgNPs exhibit strong antimicrobial activity against
drug-resistant bacteria, making them an attractive option
for medical treatments [113]. Beyond silver
nanoparticles, gallic acid has been explored for the
synthesis of other metallic nanoparticles, including gold,
copper, and zinc oxide nanoparticles, due to its excellent
reducing properties [114, 115].

Scientists ~ have  actively  investigated the
multifunctional  properties of GA-functionalized
nanoparticles. In 2021, Aldawsari et al. demonstrated that
GA-coated nanoparticles improve cellular uptake
efficiency in drug delivery systems, enhancing their
therapeutic potential [116]. Furthermore, in 2023, Zhao et
al. highlighted GA’s role in hybrid nanoparticle
synthesis, where it ensures prolonged stability in
biological environments [117].

5. Conclusions

Among the various methods for AgNP synthesis, the
biological approach remains the most preferable due to
its eco-friendliness and biocompatibility. Within green
synthesis methods, plant-based synthesis has proven to be
the most efficient and sustainable, offering a wide range
of bioactive compounds for controlled nanoparticle
formation. Furthermore, among plant-based methods,
gallic acid stands out as an optimal reducing and
stabilizing agent, providing nanoparticles with superior
stability, antimicrobial properties, and biomedical
applicability. As research advances, further optimization
of gallic acid-mediated synthesis will play a crucial role
in enhancing the large-scale production and industrial
applications of biogenic silver nanoparticles.

Acknowledgements

This research was supported by the Basic
Fundamental Program of the Academy of Sciences of the
Republic of Uzbekistan, the Applied project funded by
the Ministry of Higher Education, Science and
Innovation of the Republic of Uzbekistan (Grant No. AL-
742210856).

References

[1T R. M. Al-Ani, E. Suryawanshi, E. Daoud, et al,
Nanoparticle-mediated delivery of therapeutics for blood
cancer treatment: A review of recent developments. J.
Chem. Rev., 7 (2025) 331-357.

[2] H. Alshahrani, A. S. Abdulhameed, M. K. A. Khan, R. H.
Al Omari, S. Algburi, Functionalization of
chitosan/alumina nanoparticles with carboxylic groups
using phthalic anhydride for adsorption of methylene blue
dye via response surface methodology. Polym. Bull., 82
(2025)  87-109.  https://doi.org/10.1007/s00289-024-
05522-4.

[3] (a) E. Ezzatzadeh, S. Soleimani-Amiri, Z. Hossaini, K.
Khandan Barani, Synthesis and evaluation of the
antioxidant activity of new spiro-1,2,4-triazine derivatives
applying Ag/Fes04/CdO@MWCNT MNCs as efficient
organometallic nanocatalysts. Front. Chem., 10 (2022)
1001707.  https://doi.org/10.3389/fchem.2022.1001707,;
(b) S. Soleimani-Amiri, M. Mohammadi, N. Faal
Hamedani, B. Dehbandi, An efficient synthesis and study
of biological activity of new pyrimidoazepines using
Ag/Fe;04/Ti0/CuO@MWCNTs magnetic
nanocomposites: A combined experimental and theoretical
investigation. Polycycl. Aromat. Compd., 43 (2023) 6046-
6075.  https://doi.org/10.1080/10406638.2022.2112709;
(c) N. Mashal, S. Dahi-Azar, S. Soleimani-Amiri,
Ag/Si02/Fe;0:@GO as a recyclable catalyst promoted
green synthesis of novel pyrimidoazepines via
multicomponent reaction of isatins. Appl. Organomet.
Chem., 39 (2025) e70164.
https://doi.org/10.1002/a0c.70164.

[4] (a) A. Naeimi, M. G. Dazmiri, M. Ghazvini, Green
preparation and  theoretical study of novel
pyrimidothiazines = and  pyrimidooxazines  using
Ag/Fes04/Si0:@MWCNTs MNCs as efficient catalyst.
Chem. Rev. Lett., 7 (2024) 222-240.
https://doi.org/10.22034/crl.2024.436566.1283; (b) A. H.
Adthab, S. M. Saeed, M. S. Mahdi, E. A. Mahmood, A. S.
Mansoor, U. K. Radi, et al., One-pot multicomponent
reactions of isatins: Green synthesis of cyclopentatriazine
derivatives by employing Ag/Fe;04/SiO2@MWCNTs
MNC:s as an efficient catalyst. Chem. Rev. Lett., 7 (2024)
441-453. https://doi.org/10.22034/crl.2024.460102.1343;
(c) R.Ismail, J. Arfaoui, Z. Ksibi, A. Ghorbel, G. Delahay,
Effect of the amount of Ag on the performance of Ag/Ce-
ZrO: catalyst for the total oxidation of toluene. J. Chem.
Lett., 5 (2024) 186-191.
https://doi.org/10.22034/jchemlett.2024.471282.1218.

[51 (a) R. K. Ibrahim, M. Hayyan, M. A. AlSaadi, A. A. H.
Ibrahim, S. Hashim, Environmental application of
nanotechnology: air, soil, and water. Environ. Sci. Pollut.
Res., 23 (2016) 13754-13788; (b) S. K. Srikar, D. D. Giri,
D. B. Pal, P. K. Mishra, S. N. Upadhyay, Green synthesis
of silver nanoparticles: a review. Green Sustain. Chem., 6
(2016) 34-56; (c) I. J. Radhi, S. A. Hassan, A. F. Alkaim,
UV-Visible light induced photocatalytic degradation
studies of Ag doped ZnO/WOs nanoparticles prepared by
co-precipitation method. Proc. Environ. Sci. Eng. Manag.,
11 (2024) 73-82.

[6] (a) M. Wypij, T. Jedrzejewski, J. Trzcinska-Wencel, M.
Ostrowski, M. Rai, P. Golinska, Green synthesized silver
nanoparticles: antibacterial and anticancer activities,
biocompatibility, and analyses of surface-attached
proteins. Front. Microbiol., 12 (2021) 632505; (b) R.
Vishwanath, B. Negi, Conventional and green methods of
synthesis of silver nanoparticles and their antimicrobial
properties. Green Sustain. Chem., 11 (2021) 100205.

[7] (a) K. Gudikandula, S. Charya, S. Maringanti, Synthesis of
silver nanoparticles by chemical and biological methods
and their antimicrobial properties. J. Exp. Nanosci., 11
(2016) 714-721; (b) N. P. Nguyen, U. Dang, N. T. Doan,
L. Nguyen, T. T. H. Le, Synthesis of silver nanoparticles:
from conventional to ‘modern’ methods—a review.
Processes, 11 (2023) 2617.

1164


https://doi.org/10.1007/s00289-024-05522-4
https://doi.org/10.1007/s00289-024-05522-4
https://www.google.com/search?q=https://doi.org/10.3389/fchem.2022.1001707
https://doi.org/10.1080/10406638.2022.2112709
https://doi.org/10.1002/aoc.70164
https://doi.org/10.22034/crl.2024.436566.1283
https://doi.org/10.22034/crl.2024.460102.1343
https://doi.org/10.22034/jchemlett.2024.471282.1218

Chem Rev Lett 8 (2025) 1155-1168

[8] (a) M. A. Dheyab, A. A. Aziz, S. H. Nowfal, F. S. Braim,
W. Abdullah, W. H. Kasasbeh, et al., Sustainable green
synthesis of silver nanoparticles for safer biomedical
application. J. Environ. Chem. Eng., 13 (2025) 115998; (b)
M. Rybka, L. Mazurek, M. Konop, Beneficial effect of
wound dressings containing silver and silver nanoparticles
in wound healing—from experimental studies to clinical
practice. Life, 13 (2023) 69.

[9] R.R. Miranda, I. Sampaio, V. Zucolotto, Exploring silver
nanoparticles for cancer therapy and diagnosis. Colloids
Surf. B, 210 (2022) 112254.

[10]Y. Hang, A. Wang, N. Wu, Plasmonic silver and gold
nanoparticles: shape-and structure-modulated plasmonic
functionality for point-of-caring sensing, bio-imaging and
medical therapy. Chem. Soc. Rev., 53 (2024) 2932-2971.

[11]M. Zigbka, E. Menaszek, J. Tarasiuk, S. Wronski,
Biocompatible nanocomposite implant with silver
nanoparticles for otology—In vivo evaluation. J.
Nanomater., 2018 (2018) 9395248.

[12]H. M. Soe, A. Abd Manaf, A. Matsuda, M. Jaafar,
Performance of a  silver  nanoparticles-based
polydimethylsiloxane composite strain sensor produced
using different fabrication methods. Sens. Actuators A, 329
(2021) 112793.

[13]A. Raj, R. K. Thomas, Localized Surface Plasmon
Resonance (LSPR) Applications of Gold (Au) and Silver
(Ag) Nanoparticles. In: Optical and Molecular Physics,
Apple Academic Press, Palm Bay (2021) pp. 43-69.

[14]S. M. Algabry, K. R. Shoueir, A. E. Kashyout, H. A. El-
Kemary, M. E. El-Naggar, Engineering electrospun of in-
situ plasmonic AgNPs onto PANI@PVDF nanofibrous
scaffold as back surface support for enhancing silicon solar
cells efficiency with the electrical model assessment.
Sustain. Mater. Technol., 31 (2022) ¢00380.

[15]M. Zahoor, N. Nazir, M. Iftikhar, S. Naz, I. Zekker, J.
Burlakovs, et al., A review on silver nanoparticles:
Classification, various methods of synthesis, and their
potential roles in biomedical applications and water
treatment. Water, 13 (2021) 2216.

[16]A. K. Bhardwaj, S. Sundaram, K. K. Yadav, A. L.
Srivastav, An overview of silver nano-particles as
promising materials for water disinfection. Environ.
Technol. Innov., 23 (2021) 101721.

[171A. K. Yontar, O. Yontar, S. Cevik, Multifunctional
polymer nanocomposite coated antibacterial filters for air-
purification. Omer Halisdemir Univ. Miih. Bilim. Derg., 13
(2024) 509-521.

[18]N. A. Kulikova, Silver nanoparticles in soil: input,
transformation, and toxicity. Eurasian Soil Sci., 54 (2021)
352-365.

[19]C. C. Paramesh, A. Giridasappa, A. K. Siddegowda, C. D.
Rangappa, P. D. Shivaramu, History, introduction, and
physicochemical properties of silver nanoparticles. In:
Silver Nanoparticles for Drug Delivery, Academic Press,
London (2024) pp. 1-38.

[20]S. Medici, M. Peana, V. M. Nurchi, M. A. Zoroddu,
Medical uses of silver: history, myths, and scientific
evidence. J. Med. Chem., 62 (2019) 5923-5943.

[21]V. S. Kapoor, J. R. Evans, S. S. Vedula, Interventions for
preventing ophthalmia neonatorum. Cochrane Database
Syst. Rev., 9 (2020) CD001862.

[22]L. K. Ruddaraju, S. V. N. Pammi, G. S. Guntuku, V. S.
Padavala, V. R. M. Kolapalli, A review on anti-bacterials
to combat resistance: From ancient era of plants and metals
to present and future perspectives of green nano
technological combinations. Asian J. Pharm. Sci., 15
(2020) 42-59.

[23]1R. Feynman, There’s plenty of room at the bottom. In:
Feynman and Computation, CRC Press, Boca Raton
(2018) pp. 63-76.

[24]]. Dong, P. L. Carpinone, G. Pyrgiotakis, P. Demokritou,
B. M. Moudgil, Synthesis of precision gold nanoparticles
using Turkevich method. KONA Powder Part. J., 37
(2020) 224-232.

[25]S. H. Lee, B. H. Jun, Silver nanoparticles: synthesis and
application for nanomedicine. Int. J. Mol. Sci., 20 (2019)
865.

[26] Web of Science, Document Search—Web of Science Core
Collection. Available online in:
https://www.webofscience.com/wos/woscc/basic-search
(accessed Nov. 18, 2024).

[271M. Larrafiaga-Tapia, B. Betancourt-Tovar, M. Videa, M.
Antunes-Ricardo, J. L. Cholula-Diaz, Green synthesis
trends and potential applications of bimetallic
nanoparticles towards the sustainable development goals
2030. Nanoscale Adv., 6 (2024) 51-71.

[28] M. Tariq, K. N. Mohammad, B. Ahmed, M. A. Siddiqui,
J. Lee, Biological synthesis of silver nanoparticles and
prospects in plant disease management. Molecules, 27

(2022) 4754.
[29]World Intellectual Property Organization, Patent
Documents Search. Available online in:

https://patentscope.wipo.int/search/en/result.jsf? vid=P10
-M2LT2A-91755 (accessed Oct. 23, 2024).

[30]1D. Li, Z. Liu, Y. Yuan, Y. Liu, F. Niu, Green synthesis of
gallic acid-coated silver nanoparticles with high
antimicrobial activity and low cytotoxicity to normal cells.
Process Biochem., 50 (2015) 357-366.

[311H. Duman, F. Eker, E. Akdasci, A. M. Witkowska, M.
Bechelany, S. Karav, Silver nanoparticles: A
comprehensive review of synthesis methods and chemical
and physical properties. Nanomaterials, 14 (2024) 1527.

[32]A. Dhaka, S. C. Mali, S. Sharma, R. A. Trivedi, A review
on biological synthesis of silver nanoparticles and their
potential applications. Results Chem., 6 (2023) 101108.

[33]V. S. Chandak, P. V. Nagime, Synthesis, characterization
and applications of silver nanoparticles (Ag-NPs) in the
field of electronics and optoelectronics device-A review.
Hybrid Adv., 7 (2025) 100389.

[34]S. Wang, X. Lei, B. Xu, W. Jiang, L. Kong, B. Yang, et
al., Vacuum evaporation and  condensation
thermodynamics and evaporation kinetics of pure silver.
Next Mater., 4 (2024) 100189.

[35]N. Sakono, M. Shimizu, M. Sakono, Immobilization
method for silver nanoparticles synthesized via
evaporation/condensation onto a glass plate. Chem. Lett.,
51 (2022) 1074-1076.

[36]A. Rahman, R. Setiawan, A. Widodo, Synthesis and
characterization of silver nanoparticles (AgNPs) using
physical methods. Indones. J. Chem. Appl., 3 (2021) 85-
95.

[37]L. Yuliana, K. Yuriy, Y. Vladyslav, Advantages and
disadvantages of silver nanoparticle synthesis methods. In:

1165


https://www.webofscience.com/wos/woscc/basic-search
https://patentscope.wipo.int/search/en/result.jsf?_vid=P10-M2LT2A-91755
https://patentscope.wipo.int/search/en/result.jsf?_vid=P10-M2LT2A-91755

Chem Rev Lett 8 (2025) 1155-1168

The 3th International Scientific and Practical Conference,
International Science Group, Warsaw (2023) p. 80.

[38]K. A. Aadim, A. S. Jasim, Silver nanoparticles synthesized
by Nd:YAG laser ablation technique: characterization and
antibacterial activity. Karbala Int. J. Mod. Sci., 8 (2022)
71-82.

[39]E. A. Ganash, Synthesis of silver nanoparticles using
pulsed laser ablation in liquid: a review. Laser Phys. Lett.,
20 (2023) 013001.

[401H. S. Ali, M. A. Fakhri, Z. Khalifa, Optical and structural
properties of the gold nanoparticles ablated by laser
ablation in ethanol for biosensors. J. Phys.: Conf. Ser.,
1795 (2021) 012065.

[41]1K. Ajaj, M. A. Al-Jubbori, A. M. Ali, Effect of ultraviolet
irradiation on the optical properties and biological activity
of silver nanoparticles prepared by pulsed laser ablation.
Radiat. Phys. Chem., 216 (2024) 111384.

[42]A. R. Rafieerad, A. R. Bushroa, B. Nasiri-Tabrizi, J.
Vadivelu, W. J. Basirun, Silver/silver oxide nanorod
arrays from physical vapor deposition and subsequent
anodization processes. Surf. Coat. Technol., 302 (2016)
275-283.

[43]N. N. Durmanov, R. R. Guliev, A. V. Eremenko, 1. A.
Boginskaya, I. A. Ryzhikov, E. A. Trifonova, et al., Non-
labeled selective virus detection with novel SERS-active
porous silver nanofilms fabricated by Electron Beam
Physical Vapor Deposition. Sens. Actuators B Chem., 257
(2018) 37-47.

[44]B. A. Aragaw, M. T. Alula, S. Majoni, C. K. King'ondu,
Chemical synthesis of silver nanoparticles. In: Green
Synthesis of Silver Nanomaterials, Nanobiotechnology for
Plant Protection, Elsevier, Amsterdam (2022) pp. 21-53.

[45]U. T. Khatoon, A. Velidandi, G. N. Rao, Sodium
borohydride mediated synthesis of nano-sized silver
particles: Their characterization, anti-microbial and
cytotoxicity studies. Mater. Chem. Phys., 294 (2023)
126997.

[46]Y. Igbal, F. Amin, M. H. Aziz, R. Wahab, In-situ
fabrication of resveratrol loaded sodium alginate coated
silver nanoparticles for in vitro studies of mitochondrial-
targeted anticancer treatment against MCF-7 cell lines. /nt.
J. Biol. Macromol., 252 (2024) 135656.

[47]L. Liu, X. Wang, X. Lyu, R. Ma, Y. Li, T. Zhang, et al.,
Label-free detection of vitamin B by two-step enhanced
Raman technique using dynamic borohydride-reduced
silver nanoparticles. Microchim. Acta, 190 (2023) 605.

[48]0. Velgosova, L. Macak, E. Cizmarova, V. Mara,
Influence of reagents on the synthesis process and shape of
silver nanoparticles. Materials, 15 (2022) 6829.

[491N. Wolff, O. Prymak, N. Iatas, T. Schaller, K. Loza, F.
Niemeyer, et al., Conversion of ultrasmall glutathione-
coated silver nanoparticles during dispersion in water into
ultrasmall silver sulfide nanoparticles. Nanomaterials, 14
(2024) 1449.

[50]P. Erkog, Sodium borohydride and essential oils as
reducing agents for the chemically and green synthesis of
silver nanoparticles: A comparative analysis. Giimiishane
Univ. J. Inst. Sci. Technol., 10 (2020) 324-335.

[51]P. K. Tyagi, S. Tyagi, D. Gola, A. Arya, S. A. Ayatollahi,
M. M. Alshehri, et al., Ascorbic acid and polyphenols
mediated green synthesis of silver nanoparticles from
Tagetes erecta L. aqueous leaf extract and studied their

antioxidant properties. J. Nanomater., 2021 (2021)
6515419.

[52]H. F. Mughal, G. A. Khan, G. M. Shafiq, M. Z. Hyder, W.
Ahmed, Facile room-temperature synthesis of
cetyltrimethylammonium  bromide (CTAB) coated
spherical silver nanoparticles and their surface-enhanced
Raman scattering (SERS) and antibacterial applications.
Chem. Pap., 78 (2024) 4019—4027.

[53]L. D. S. M. Pinheiro, G. G. Sangoi, B. S. Vizzotto, Y. P.
M. Ruiz, A. Galembeck, G. Pavoski, et al., Silver
nanoparticles  from ascorbic acid:  biosynthesis,
characterization, in vitro safety profile, antimicrobial
activity and phytotoxicity. Mater. Chem. Phys., 325 (2024)
129715.

[54]1Y. Qin, X. Ji, J. Jing, H. Liu, H. Wu, W. Yang, Size control
over spherical silver nanoparticles by ascorbic acid
reduction. Colloids Surf. A, 372 (2010) 172-176.

[55]P. Chen, S. Yan, E. Sawyer, B. Ying, X. Wei, Z. Wu, et
al., Rapid and simple detection of ascorbic acid and
alkaline phosphatase via controlled generation of silver
nanoparticles and selective recognition. Analyst, 144
(2019) 1147-1152.

[S6]M. Z. Hossain, S. A. N. J. O. Y. Halder, A. N. Ahmed, A.
Gafur, Synthesis of spherical silver nanoparticles by
chemical reduction method. J. Bangladesh Chem. Soc., 30
(2018) 86-94.

[571V. Gurusamy, R. Krishnamoorthy, B. Gopal, V.
Veeraravagan, Systematic investigation on hydrazine
hydrate assisted reduction of silver nanoparticles and its
antibacterial properties. Inorg. Nano-Met. Chem., 47
(2017) 761-767.

[58]V. Dugandzi¢, 1. J. Hidi, K. Weber, D. Cialla-May, J.
Popp, In situ hydrazine reduced silver colloid synthesis—
Enhancing SERS reproducibility. Anal. Chim. Acta, 946
(2016) 73-79.

[59]E. Charistoudi, M. G. Kallitsakis, I. Charisteidis, K. S.
Triantafyllidis, I. N. Lykakis, Selective reduction of azines
to benzyl hydrazones with sodium borohydride catalyzed
by mesoporous silica-supported silver nanoparticles: a
catalytic route towards pyrazole synthesis. Adv. Synth.
Catal., 359 (2017) 2949-2960.

[60]1D. Ghosh, S. Dasgupta, Synthesis of submicron silver
powder by the hydrometallurgical reduction of silver
nitrate with hydrazine hydrate and a thermodynamic
analysis of the system. Metall. Mater. Trans. B, 39 (2008)
35-45.

[61]S. Kaabipour, S. Hemmati, A review on the green and
sustainable synthesis of silver nanoparticles and one-
dimensional  silver  nanostructures.  Beilstein  J.
Nanotechnol., 12 (2021) 102-136.

[62]G. E. Putri, F. R. Gusti, A. N. Sary, R. Zainul, Synthesis of
silver nanoparticles used chemical reduction method by
glucose as reducing agent. In: J. Phys.: Conf. Ser., Vol.
1317, IOP Publishing (2019) 012027.

[63]E. A. Vishnyakova, S. B. Saikova, S. M. Zharkov, M. N.
Likhatskii, Y. L. Mikhlin, Silver nanoparticles formation
by glucose reduction in aqueous solutions. J. Sib. Fed.
Univ. Chem., 2 (2009) 48-55.

[64]B. Swensson, M. Ek, D. Gray, In situ preparation of silver
nanoparticles in paper by reduction with alkaline glucose
solutions. ACS Omega, 3 (2018) 9449-9452.

1166



Chem Rev Lett 8 (2025) 1155-1168

[65]J. J. Antony, P. Sivalingam, D. Siva, S. Kamalakkannan,
K. Anbarasu, R. Sukirtha, et al., Comparative evaluation
of antibacterial activity of silver nanoparticles synthesized
using Rhizophora apiculata and glucose. Colloids Surf. B,
88 (2011) 134-140.

[66]A. A. Atakhanov, A. A. Kholmuminov, B. N.
Mamadierov, I. K. Turdikulov, N. S. Ashurov,
Rheological behavior of nanocellulose aqueous
suspensions. Polym. Sci. Ser. A, 62 (2020) 213-217.

[67]M. Zuberek, D. Wojciechowska, D. Krzyzanowski, S.
Meczynska-Wielgosz, M. Kruszewski, A. Grzelak,
Glucose availability determines silver nanoparticles
toxicity in HepG2. J. Nanobiotechnol., 13 (2015) 8.

[68]M. A. Franco Molina, D. Reding Hernandez, P. L. Garcia
Coronado, J. R. Kawas, D. G. Zarate Trivino, S. P. R.
Hernandez Martinez, et al., Antitumor efficacy of silver
nanoparticles reduced with B-D-glucose as neoadjuvant
therapy to prevent tumor relapse in a mouse model of
breast cancer. Front. Pharmacol., 14 (2024) 1332439.

[69]1M. S. Abed, A. S. Abed, F. M. Othman, Green synthesis
of silver nanoparticles from natural compounds: Glucose,
eugenol and thymol. J. Adv. Res. Fluid Mech. Therm. Sci.,
60 (2019) 95-111.

[70]K. E. Yunusov, A. A. Sarymsakov, J. Z. O. Jalilov, A. A.
O. Atakhanov, Physicochemical properties and
antimicrobial activity of nanocomposite films based on
carboxymethylcellulose and silver nanoparticles. Polym.
Adv. Technol., 32 (2021) 1822-1830.

[71]1K. E. Yunusov, M. M. Mirkholisov, M. A. Azizova, J. Z.
Jalilov, S. S. Yarmatov, J. N. Todjiyev, et al., Advances in
the formation and properties of nanofiber biomaterials
from polyvinyl
alcohol/carboxymethylcellulose/nanosilver systems for
medical applications. Chem. Rev. Lett., 8 (2025) 20-38.

[72]]. Z. Jalilov, Kh. E. Ynusov, A. A. Sarymsakov, S. Sh.
Rashidova, Physicochemical properties of polymer
implant-films from carboxymethylcellulose and silver
nanoparticles for the healing burn wounds. Uzbek. J.
Polym., 2 (2023) 72-81.

[73]N. Gunawardana, C. Y. Ke, C. L. Huang, C. H. Yang, One-
pot synthesis of near-infrared absorbing silver nanoprisms
via a simple photochemical method using an ultraviolet-C
light source. Opt. Mater., 148 (2024) 114932.

[74]V. Harish, M. M. Ansari, D. Tewari, A. B. Yadav, N.
Sharma, S. Bawarig, et al., Cutting-edge advances in
tailoring size, shape, and functionality of nanoparticles and
nanostructures: A review. J. Taiwan Inst. Chem. Eng., 149
(2023) 105010.

[75]C. L. Huang, H. J. Huang, S. H. Chen, Y. S. Huang, P. C.
Kao, Y. F. C. Chau, et al., Localized surface plasmon
resonance enhanced by the light-scattering property of
silver nanoparticles for improved Iuminescence of
polymer light-emitting diodes. J. Ind. Eng. Chem., 103
(2021) 283-291.

[76]R. Dalal, S. Singh, S. Sangwan, M. Moond, R. Beniwal,
Biochemical and molecular mechanism of plant-mediated
synthesis of silver nanoparticles—a review. Mini-Rev. Org.
Chem., 19 (2022) 939-954.

[771R. R. Patel, S. K. Singh, M. Singh, Green synthesis of
silver nanoparticles: methods, biological applications,
delivery and toxicity. Mater. Adv., 4 (2023) 1831-1849.

[78]S. Tufail, I. Liaqat, S. Ali, M. Ulfat, A. Shafi, A. Sadiqa,
et al., Bacillus licheniformis (MN900686) mediated
synthesis, characterization and antimicrobial potential of
silver nanopatrticles. J. Oleo Sci., 71 (2022) 701-708.

[79]M. Muddassir, A. Raza, S. Munir, A. Basirat, M. Ahmed,
M. S. Butt, et al., Antibacterial efficacy of silver
nanoparticles (AgNPs) against metallo-p-lactamase and
extended spectrum [-lactamase producing clinically
procured isolates of Pseudomonas aeruginosa. Sci. Rep.,
12 (2022) 20685.

[80]F. Nasr Azadani, M. Madani, J. Karimi, S. Sepahvand,
Green synthesis of silver nanoparticles by Fusarium
oxysporum and its function against Aspergillus and
Fusarium fungi. Indian J. Microbiol., 64 (2024) 213-224.

[81]S. R. Ibrahim, A. Sirwi, B. G. Eid, S. G. Mohamed, G. A.
Mohamed, Bright side of Fusarium oxysporum: secondary
metabolites bioactivities and industrial relevance in
biotechnology and nanotechnology. J. Fungi, 7 (2021)
943.

[82]1H. Nikokherad, A. Esmaili-Sari, A. M. Moradi, N.
Bahramifar, P. G. Mostafavi, Bioaccumulation capacity of
Chlorella vulgaris and Spirulina platensis exposed to silver
nanoparticles and silver nitrate: Bio-and health risk
assessment approach. Algal Res., 64 (2022) 102671.

[83]A. Gul, M. N. Baig, D. Ahmed, Z. Najam, T. Aslam, S.
Ali, Green synthesis of silver nanoparticles from Spirulina
platensis extract: Antibacterial and antioxidant potential.
BioNanoSci., 14 (2024) 2327-2336.

[84]T. Mustapha, N. Misni, N. R. Ithnin, A. M. Daskum, N. Z.
A. Unyah, Review on plants and microorganisms mediated
synthesis of silver nanoparticles, role of plants metabolites
and applications. Int. J. Environ. Res. Public Health, 19
(2022) 674.

[85]M. O. Kazeem, A. P. Titilope, A. B. Agbaje, G. E.
Ogunleye, Laccase facilitated synthesis of silver
nanoparticles for biomedical, biocontrol and dye
degradation applications. Bima J. Sci. Technol., 8 (2024)
96-106.

[86]H. Barabadi, M. Kamali, K. Jounaki, K. Karami, S.
Sadeghian-Abadi, R. Jahani, et al., Trametes versicolor
laccase-derived silver nanoparticles: Green synthesis,
structural characterization and multifunctional biological
properties. Biochem. Biophys. Res. Commun., 740 (2024)
150995.

[87]). Zhang, X. Fu, C. Yan, G. Wang, The morphology
dependent interaction between silver nanoparticles and
bovine serum albumin. J. Mater. Res., 38 (2023) 5821.

[88]M. Abid, H. S. Jamal, A. Ahmed, M. R. Shah, M. A.
Sheraz, S. A. Ali, Biocompatible casein silver
nanoparticles: An efficient nanosensor for rapid
nitazoxanide detection in biological and environmental
samples. Plasmonics, (2024) 1-17.

[89]1. Aranaz, F. Navarro-Garcia, M. Morri, N. Acosta, L.
Casettari, A. Heras, Evaluation of chitosan salt properties
in the production of AgNPs materials with antibacterial
activity. Int. J. Biol. Macromol., 235 (2023) 123849.

[90]1R. Ahmad, M. O. Ejaz, Synthesis of new alginate-silver
nanoparticles/mica (Alg-AgNPs/MC) bionanocomposite
for enhanced adsorption of dyes from aqueous solution.
Chem. Eng. Res. Des., 197 (2023) 355-371.

[91]S. P. K. Malhotra, M. A. Alghuthaymi, Biomolecule-
assisted biogenic synthesis of metallic nanoparticles. In:

1167



Chem Rev Lett 8 (2025) 1155-1168

Agri-Waste and Microbes for Sustainable Nanomaterials,
Elsevier (2022) pp. 139-163.

[92]R. Dhir, S. Chauhan, P. Subham, S. Kumar, P. Sharma, A.
Shidiki, et al., Plant-mediated synthesis of silver
nanoparticles: unlocking their pharmacological potential—
a comprehensive review. Front. Bioeng. Biotechnol., 11
(2024) 1324805.

[93]B. S. Prathibha, N. Harshitha, D. R. Neha, C. N. Pranathi,
D. V. Kumar, G. C. Lakshmi, Green synthesis of silver
nanoparticles using Ocimum tenuiflorum and Azadirachta
indica leaf extract and their antibacterial activity. J. Phys.:
Conf. Ser., 2748 (2024) 012015.

[94]1. Pathak, M. Niraula, K. R. Sharma, P. Thapa, H. B. Oli,
S. K. Kalauni, Green synthesis of silver nanoparticles from
Ocimum sanctum Linn. and study of their antioxidant
activity. Amrit Res. J., 5 (2024) 82-90.

[95]Z. Haris, I. Ahmad, Green synthesis of silver nanoparticles
using Moringa oleifera and its efficacy against gram-
negative bacteria targeting quorum sensing and biofilms.
J. Umm Al-Qura Univ. Appl. Sci., 10 (2024) 156-167.

[96] A. A. Subhani, M. Irshad, S. Ali, M. Jawad, M. F. Akhtar,
M. Summer, UV-spectrophotometric optimization of
temperature, pH, concentration and time for Eucalyptus
globulus capped silver nanoparticles synthesis, their
characterization and evaluation of biological applications.
J. Fluoresc., 34 (2024) 655-666.

[971R. Soundharajan, H. Srinivasan, Camellia sinensis
mediated nanoparticles to control growth and biofilm in
Vibrio sp. Aquac. Int., 33 (2025) 1-19.

[98]K. Devasvaran, B. Alallam, C. Lee, Y. K. Yong, Y. V.
Lim, Clinacanthus nutans crude polysaccharide extract as
a green platform for microwave-assisted synthesis of silver
nanoparticles:  optimization, characterization, and
evaluation of bioactivities. Int. J. Biol. Macromol., 278
(2024) 134893.

[99]N. X. Thai, N. T. Chinh, B. T. Linh, T. T. Thuy, T. Hoang,
Optimizing green synthesis of hydrotalcite—silver
nanoparticles using Syzygium nervosum based reducing
agent. Chem. Asian J., 19 (2024) €202400162.

[100] H. Kurra, A. Velidandi, M. Sarvepalli, N. P. P.
Pabbathi, V. Godishala, Aqueous Cymbopogon citratus
extract mediated silver nanoparticles: Part I. Influence of
synthesis parameters, characterization, and biomedical
studies. Nanomaterials, 15 (2025) 328.

[101] A. A. Khashan, Y. Dawood, Y. H. Khalaf, Green
chemistry and anti-inflammatory activity of silver
nanoparticles using an aqueous curcumin extract. Results
Chem., 5 (2023) 100913.

[102] V. U. M. Nallal, K. Prabha, I. Vetha Potheher, B.
Ravindran, A. Baazeem, S. W. Chang, et al., Sunlight-
driven rapid and facile synthesis of silver nanoparticles
using Allium ampeloprasum extract with enhanced
antioxidant and antifungal activity. Saudi J. Biol. Sci., 28
(2021) 3660-3668.

[103] J. Venkatesan, S. S. Murugan, P. K. Gupta, S. Anil, G.
H. Seong, Synthesis and characterization of gallic acid
mediated iridium nanoparticles: Characterizations and
antioxidant assessments. BioNanoSci., 15 (2025) 1-9.

[104] A. Sathiyaseelan, X. Zhang, M. H. Wang,
Biosynthesis of gallic acid fabricated tellurium
nanoparticles (GA-Te NPs) for enhanced antibacterial,

antioxidant, and cytotoxicity applications. Environ. Res.,
240 (2024) 117461.

[105] N. Lerdpiriyaskulkij, A. Mathaweesansurn, P.
Monvisade, E. Detsri, Aggregated gallic acid-modified
platinum nanoparticles as colorimetric sensor for tannic
acid detection in beverages based on displacement
phenomenon. Microchem. J., 205 (2024) 111201.

[106] M. Hadidi, R. Linan-Atero, M. Tarahi, M. C.
Christodoulou, F. Aghababaei, The potential health
benefits of gallic acid: Therapeutic and food applications.
Antioxidants, 13 (2024) 1001.

[107] R. Holghoomi, M. H. Kiani, A. Rahdar, S. M.
Hashemi, L. F. R. Ferreira, S. Fathi-karkan, Nanoparticle-
delivered gallic acid: A new frontier in cancer therapy. J.
Drug Deliv. Sci. Technol., 99 (2024) 106129.

[108] P.Li, D. Tan, A. Su, X. Xiong, S. Gao, H. Zhang, et
al., Gallic acid functionalized silk fibroin/gelatin
composite wound dressing for enhanced wound healing.
Biomed. Mater., 20 (2025) 015002.

[109] K. Nemcekova, V. Svitkova, J. Sochr, P. Gemeiner, J.
Labuda, Gallic acid-coated silver nanoparticles as
perspective drug nanocarriers: Bioanalytical study. Anal.
Bioanal. Chem., 414 (2022) 5493-5505.

[110] M. Ahani, M. Khatibzadeh, Green synthesis of silver
nanoparticles using gallic acid as reducing and capping
agent: effect of pH and gallic acid concentration on
average particle size and stability. Inorg. Nano-Met.
Chem., 52 (2022) 234-240.

[111] I H. Turdikulov, A. A. Atakhanov, D. J. Ergashov,
Sh. A. Azamkulov, D. 1. Qosimov, R. B. Ergashev,
Formation of stable silver nanoparticles using gallic acid.
Uzbek. J. Polym., 4 (2025) 61-71.

[112] A. Q. Malik, T. U. G. Mir, D. Kumar, I. A. Mir, A.
Rashid, M. Ayoub, et al., A review on the green synthesis
of nanoparticles, their biological applications, and
photocatalytic efficiency against environmental toxins.
Environ. Sci. Pollut. Res., 30 (2023) 69796-69823.

[113] D.Y. Kim, J. S. Sung, M. Kim, G. Ghodake, Rapid
production of silver nanoparticles at large-scale using
gallic acid and their antibacterial assessment. Mater. Lett.,
155 (2015) 62-64.

[114] B. Somtiirk Yilmaz, Antimicrobial and anticancer
activity of gallic acid—Cu(II) hybrid nanoflowers and gallic
acid—Zn(II) hybrid nanoflowers. J. Inorg. Organomet.
Polym. Mater., 34 (2024) 5329-5341.

[115] Z.Jing, M. Li, H. Wang, Z. Yang, S. Zhou, J. Ma, et
al., Gallic acid-gold nanoparticles enhance radiation-
induced cell death of human glioma U251 cells. I[UBMB
Life, 73 (2021) 398-407.

[116] M. F. Aldawsari, K. F. Alkholifi, A. I. Foudah, M. H.
Algarni, A. Alam, M. A. Salkini, et al., Gallic-acid-loaded
PLGA nanoparticles: a promising transdermal drug
delivery system with antioxidant and antimicrobial agents.
Pharmaceuticals, 16 (2023) 1090.

[117] X. L. Zhao, G. X. Hou, S. W. Yu, M. Y. Wang,
Preparation of HNTs-d-GO hybrid nanoparticles for gallic
acid epoxy composites with improved thermal and
mechanical properties. Polym. Compos., 43 (2022) 5133-
5144.

1168



	1. Introduction
	2. Importance and Applications of Silver Nanoparticles
	2.1. Medical Applications
	2.2. Electronic Applications
	2.3. Environmental Applications

	3. History of Silver Nanoparticles
	4. Methods for synthesizing silver nanoparticles
	4.1. Physical Methods for Synthesizing Silver Nanoparticles
	4.1.1. Evaporation-Condensation Method
	4.1.2. Laser Ablation Method
	4.1.3. hysical Vapor Deposition (PVD)

	4.2. Chemical Synthesizing Silver Nanoparticles
	4.2.1. Reduction Using Sodium Borohydride (NaBH₄)
	4.2.2. Reduction Using Ascorbic Acid (C₆H₈O₆)
	4.2.3. Reduction Using Hydrazine (N₂H₄)
	4.2.4.  Reduction Using Glucose (C₆H₁₂O₆)
	4.2.5. Photochemical Synthesis of Silver Nanoparticles

	4.3. Biological Synthesis of Silver Nanoparticles
	4.3.1. Microorganism-Mediated Synthesis
	4.3.2. Biomolecule-Mediated Synthesis
	4.3.3. Plant-Based Synthesis of Silver Nanoparticles

	4.4. Gallic Acid-Mediated Synthesis of Silver Nanoparticles

	5. Conclusions

