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ABSTRACT

Silver nanoparticles (AgNPs) have gained significant attention due to their remarkable antibacterial properties, offering a promising alternative
to traditional antibiotics in the fight against microbial infections. These nanoparticles, with sizes ranging from 1 to 100 nm, exhibit superior
antibacterial efficacy compared to bulk silver due to their high surface area and unique physicochemical properties. The antibacterial
mechanisms of AgNPs involve multiple pathways, including the disruption of bacterial cell membranes, the release of silver ions (Ag+), the
generation of reactive oxygen species (ROS), and the interaction with bacterial DNA. These mechanisms contribute to the inhibition of bacterial
growth and cell death. AgNPs have been applied in various fields, including medicine, consumer products, water treatment, and food
preservation, due to their broad-spectrum antibacterial activity. However, concerns regarding their potential toxicity to human cells,
environmental impact, and the development of bacterial resistance need to be addressed for their widespread use. This review provides an
overview of the antibacterial efficiency of AgNPs, highlighting their synthesis, mechanisms of action, applications, challenges, and future
prospects for improving their safety and efficacy.
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Introduction agents, silver nanoparticles (AgNPs) have emerged as
one of the most promising candidates due to their
These

nanoparticles exhibit superior efficacy compared to bulk

Nanotechnology is revolutionizing various fields,

remarkable antibacterial properties.

including endodontics (1, 2), bioactive materials (3),

cancer treatment (4),biosensors (4), and early diagnosis silver and other conventional antimicrobial agents due

of malignant conditions (5). Nanotechnology improves to their high

physicochemical properties, and ability to release silver

surface-to-volume ratio, unique

less invasive drug delivery systems by using natural

polymers like starch and cellulose (6) ions (Ag+) effectively. The growing concern of antibiotic

Advanced nanotechnology plays a crucial role in resistance in bacteria (8) has led to an increased interest

dentistry, particularly in managing complex cases like a in alternative antimicrobial agents, with AgNPs being

maxillary second molar with five root canals and a root- one of the most studied alternatives (9).

like enamel pearl (7),because Nanoparticles improve
high-resolution imaging for accurate diagnosis. while
nanocarriers deliver bioactive agents to promote
regeneration or antimicrobial effects. Additionally, nano-
engineered biomaterials can mimic natural polymers in
enamel and dentin, offering potential solutions for
repairing such rare anatomical variations. One of the
most widely explored applications of nanotechnology is
in the development of antimicrobial agents. Among these
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Silver has been used for centuries in medicine for its
antimicrobial properties (10). However, the advent of
nanotechnology has significantly enhanced the efficacy
of silver, allowing for better utilization in a range of
therapeutic and industrial applications. AgNPs are now
being incorporated into medical devices, wound
dressings, and water treatment systems, as well as

consumer products such as clothing and cosmetics,
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owing to their broad-spectrum antimicrobial activity
(11).

Properties of Silver Nanoparticles

Silver nanoparticles are defined as particles with a
size range of 1 to 100 nm, with a significant portion of
their atoms located on the surface. The small size of
AgNPs allows for an extensive surface area relative to
their volume, making them highly reactive. These unique
properties result in a higher reactivity and efficiency in
bactericidal activity when compared to bulk silver. The
size, shape, and surface charge of AgNPs are key factors
that influence their interaction with bacterial cells and
their antimicrobial effectiveness (12).

Size: The size of AgNPs plays a crucial role in their
antimicrobial activity. Smaller nanoparticles exhibit
higher surface-area-to-volume ratios, allowing them to
interact more effectively with bacterial cell walls and
membranes (13) . This interaction leads to increased
antibacterial activity.

Shape: The shape of silver nanoparticles, such as
spherical, triangular, or rod-shaped, can influence their
ability to penetrate bacterial cells and their overall
antimicrobial effectiveness. For instance, triangular and
rod-shaped nanoparticles tend to have greater
antibacterial activity than spherical ones due to their
increased surface area and more efficient penetration
into the bacterial cells (14) .

Surface Coating: The surface characteristics of AgNPs,
such as the type of stabilizing agent or coating material
used, also play a role in determining their antimicrobial
properties. Surface coatings can enhance the stability of
nanoparticles and modify their interaction with bacterial
cells, which can either increase or decrease their
antibacterial effectiveness (15) .

Mechanisms of Antibacterial Action

The antibacterial properties of silver nanoparticles
are attributed to several mechanisms, which include
physical, chemical, and biological interactions between
the nanoparticles and bacterial cells.

1. Disruption of Bacterial Cell Membranes: One of the
primary mechanisms of action is the interaction of
AgNPs with the bacterial cell membrane. The
nanoparticles can physically interact with the cell
membrane, disrupting its structure and leading to

leakage of cellular contents, which ultimately results in
bacterial cell death. The interaction with the cell
membrane can also lead to the generation of pores,
further destabilizing the membrane and contributing to
bacterial lysis (16).

2. Release of Silver Ions (Ag+): When AgNPs come in
contact with bacteria, they release silver ions (Ag+).
These ions are highly toxic to bacteria because they
interfere with vital cellular processes such as
respiration, protein synthesis, and DNA replication .The
release of Ag+ ions disrupts the electron transport chain
in bacteria, leading to energy depletion and, ultimately,
cell death (17).

3. Generation of Reactive Oxygen Species (ROS): Silver
nanoparticles can generate reactive oxygen species
(ROS) such as superoxide anions (0O2e-), hydrogen
peroxide (H202), and hydroxyl radicals (OHe) upon
contact with bacterial cells .ROS are highly reactive
molecules that can damage various cellular components,
including lipids, proteins, and nucleic acids. The
oxidative stress caused by ROS disrupts the normal
functioning of bacterial cells and induces cell death (18).

4. Interaction with DNA: Silver nanoparticles can also
interact directly with bacterial DNA. This interaction can
lead to DNA damage and inhibit the replication and
transcription processes in bacterial cells. By binding to
DNA and causing structural changes, AgNPs prevent the
bacteria from reproducing and proliferating, thus halting
the infection process (19).

Applications of Silver Nanoparticles in Antibacterial Therapy

The wunique antibacterial properties of silver
nanoparticles have led to their widespread use in various
fields, ranging from medical treatments to industrial
applications.

Medical Applications: AgNPs have demonstrated
significant potential in the medical field, particularly in
wound healing and infection control. Due to their broad-
spectrum antibacterial activity, AgNPs are used in
wound dressings, burn creams, and surgical tools to
prevent infections.They also show promise in the
treatment of chronic wounds, where bacterial infection
is a major complication. Moreover, AgNPs are
incorporated into medical devices, such as catheters, to
reduce the risk of infection (20) .
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Consumer Products: AgNPs are found in various
consumer products such as antimicrobial clothing,
deodorants, cosmetics, and household items. The
antibacterial properties of AgNPs help prevent bacterial
growth, reduce odors, and increase the shelf life of
products. For example, AgNPs are often used in the
production of socks, shirts, and underwear, where they
inhibit the growth of odor-causing bacteria (21).

Water Treatment: The antimicrobial activity of silver
nanoparticles makes them useful in water purification
and treatment processes. AgNPs are used in water
filtration systems to eliminate harmful pathogens,
including bacteria, viruses, and fungi. They are also
employed in antimicrobial coatings for water treatment
devices to enhance their efficacy in removing
contaminants (22).

Food Preservation: The antibacterial properties of
AgNPs are increasingly being explored for use in food
packaging and preservation. By preventing the growth of
bacteria on food surfaces, AgNPs can extend the shelf life
of food products and reduce the risk of foodborne
illnesses. The incorporation of AgNPs into food
packaging materials can act as a barrier against bacterial
contamination (23).

Challenges and Limitations

Despite the numerous advantages of silver
nanoparticles, several challenges and limitations must
be addressed before they can be widely adopted in
clinical and industrial applications.

Toxicity to Human Cells: One of the major concerns
regarding the use of AgNPs is their potential toxicity to
human cells. While AgNPs are effective against bacteria,
they can also exhibit cytotoxicity in mammalian cells,
including human cells (24). The potential for AgNPs to
cause adverse effects such as cell death, inflammation,
and immune system disruption is a significant issue that
needs to be addressed in future research (25).

Environmental Impact: The environmental impact of
silver nanoparticles is another concern. The release of
AgNPs into the environment, especially through
wastewater and industrial effluents, could pose a risk to
aquatic ecosystems. The toxicity of silver ions to aquatic
organisms and other wildlife needs to be carefully

evaluated to prevent environmental contamination (26).

Antibiotic Resistance: Although silver nanoparticles
exhibit antimicrobial properties, there is a potential for
bacteria to develop resistance to AgNPs over time,
similar to the resistance observed with conventional
antibiotics. The overuse and misuse of AgNPs could
contribute to the development of resistant bacterial
strains, which would limit their effectiveness as an
antimicrobial agent (27).

Future Prospects

The future of silver nanoparticles in antimicrobial
applications looks promising, with ongoing research
aimed at improving their efficacy and safety. The
development of more stable, biocompatible, and
environmentally friendly AgNPs is a key area of research.
Additionally, the combination of AgNPs with other
antimicrobial agents, such as antibiotics or plant-derived
compounds, could enhance their antibacterial activity
and reduce the risk of resistance development. The use
of AgNPs in combination therapies is expected to provide
more effective and sustainable solutions to bacterial
infections (28).

Moreover, researchers are exploring novel methods of
synthesizing silver nanoparticles, such as green
synthesis methods using plant extracts, which offer
environmentally friendly alternatives to traditional
chemical synthesis. These approaches could lead to the
development of AgNPs with improved antibacterial
properties, reduced toxicity, and lower environmental
impact (29).

Conclusion

Silver nanoparticles have demonstrated significant

antibacterial efficiency, making them valuable
candidates for a wide range of applications, including
medical devices, consumer products, water treatment,
and food preservation. Their antibacterial mechanisms,
including the release of silver ions, disruption of cell
membranes, and generation of reactive oxygen species,
contribute to their effectiveness against both Gram-
positive and Gram-negative bacteria. Despite their
promising applications, concerns regarding toxicity,
environmental impact, and the potential for resistance
development need to be carefully addressed. Future

research should focus on improving the safety and

21



effectiveness of silver nanoparticles to maximize their
potential as antimicrobial agents.
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