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ABSTRACT

Silver nanoparticles (AgNPs) have attracted a lot of interest because of their strong and all-
encompassing antibacterial capabilities, which are bolstered by their high surface-area-to-
volume ratio and nanoscale size. This research explores AgNPs' production techniques, modes
of action, and possible uses in antimicrobial treatment. The three main synthesis methods—
chemical, biological (green), and physical—are examined, with an emphasis on the benefits
and drawbacks of each. Green synthesis is emphasized since it is environmentally friendly and
biocompatible. AgNPs' antibacterial properties are complex and include the formation of
reactive oxygen species (ROS), disruption of microbial membranes, disruption of DNA and
protein function, and the prolonged release of silver ions. Because of these methods, AgNPs
are effective against a variety of infections, including ones that are resistant to antibiotics. Even
with their effectiveness, issues with cytotoxicity, environmental effects, and the emergence of

resistance call for further research.

INTRODUCTION

AgNPs, or silver nanoparticles, have become one of the most promising nanomaterials in the
biological sciences because of their exceptional antibacterial capabilities. Silver's antibacterial
and disinfecting qualities have long been recognized, and their effectiveness has been further
increased by their incorporation into nanoscale forms. Nanoparticles have distinct physical,
chemical, and biological properties that set them apart from their bulk counterparts because of
their minuscule size and high surface-area-to-volume ratio. Usually between 1 and 100 nm in
size, silver nanoparticles are very efficient against a variety of harmful microorganisms, such
as fungi, viruses, and both Gram-positive and Gram-negative bacteria. Applications for its
broad-spectrum antimicrobial activity range from water purification systems and textile
manufacturing to wound dressings and coatings for medical equipment, and it has attracted a

lot of interest in both the medical and industrial sectors.(1)
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The mechanism by which AgNPs exert their antimicrobial effects is multifaceted. Upon
interaction with microbial cells, silver nanoparticles can attach to the cell membrane, leading
to structural damage and increased membrane permeability. Additionally, silver ions released
from the nanoparticles can penetrate microbial cells, generating reactive oxygen species (ROS)
and interacting with cellular components such as DNA, proteins, and enzymes, ultimately
resulting in cell death. The ability of AgNPs to disrupt key biological processes without the
need for high concentrations renders them particularly effective in overcoming antibiotic
resistance a growing global health concern. Furthermore, silver nanoparticles have
demonstrated a synergistic effect when used in combination with conventional antibiotics,

enhancing their efficacy and reducing the required dosage.(2)(3)

AgNPs may now be produced utilizing a variety of physical, chemical, and biological processes
thanks to recent developments in nanotechnology. Green synthesis, which uses plant extracts
and microbial systems to lessen environmental toxicity, is becoming more and more popular.
By improving biocompatibility and reducing the usage of dangerous chemicals, this sustainable
method makes biosynthesized AgNPs more appropriate for use in clinical settings. However,
despite their shown antibacterial effectiveness, further research is required due to worries about
the cytotoxicity, environmental effects, and possible development of resistance linked to
prolonged exposure to silver nanoparticles. To assess their safety profile, determine the best
dose, and comprehend the dynamics of their interactions with biological systems, in-depth
research is required. Research on the antibacterial properties of silver nanoparticles is thus
crucial as it has the potential to completely transform infection control methods in the

environmental and medical fields.(4)(5)
2. SYNTHESIS OF SILVER NANOPARTICLES

Silver nanoparticles (AgNPs) are synthesized using various methods, each with distinct
advantages, limitations, and implications for size, shape, stability, and potential toxicity. The
three primary categories of synthesis techniques include physical, chemical, and biological
(green) methods. The choice of synthesis approach is crucial in determining the
physicochemical characteristics of the resulting nanoparticles, which in turn affect their

antimicrobial efficacy and compatibility with biomedical applications.(6)(7)

AgNPs can be synthesized via:
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2.1 Physical Methods

Physical methods for the synthesis of AgNPs are largely based on the use of mechanical and
thermal energy to break down bulk silver into nanoscale particles. These techniques typically
require sophisticated instruments, controlled conditions, and are energy-intensive. Despite
these challenges, physical methods offer high purity and consistent size distribution in the

resultant nanoparticles.(8)
2.1.1 Evaporation—-Condensation Method

This method involves the evaporation of silver in a high-temperature furnace (typically over
1000°C), followed by condensation of the vapor into nanoparticles in a controlled environment.
A carrier gas (usually nitrogen or argon) facilitates the movement of vaporized silver to a cooler

condensation chamber, where nanoparticle formation occurs.

The main advantage of this technique is the absence of chemical reagents, which ensures high
purity and minimizes contamination. However, this process requires high energy input and

expensive apparatus, making it less practical for large-scale or cost-sensitive applications.
2.1.2 Laser Ablation

In laser ablation, a high-energy laser beam is focused on a silver metal target submerged in a
liquid medium, such as deionized water or ethanol. The intense laser pulse causes localized
vaporization of the metal surface, creating plasma that cools rapidly and condenses into

nanoparticles.

This method is attractive due to its simplicity, rapid processing, and the ability to produce stable
colloidal nanoparticles without the use of toxic reagents. Particle size can be controlled by
adjusting laser parameters such as wavelength, pulse duration, and energy density. Despite its
advantages, laser ablation is limited by low yield and the requirement for specialized

equipment.

2.1.3 Arc Discharge and Electro-explosion
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These are less common methods involving electrical discharges between silver electrodes to
generate plasma, which results in nanoparticle formation. While they offer high purity, the

scalability and control over particle morphology are limited.
2.2 Chemical Methods

Chemical synthesis is one of the most widely adopted strategies for producing AgNPs,
primarily due to its relative simplicity, cost-effectiveness, and scalability. These methods
typically involve the reduction of silver ions (Ag") from a silver salt (usually silver nitrate,
AgNO:s) using a reducing agent. The presence of a stabilizer or capping agent prevents

agglomeration and helps control the growth and morphology of the nanoparticles.(8)
2.2.1 Reducing Agents and Reaction Conditions

The most commonly used reducing agents in chemical synthesis include sodium borohydride
(NaBHa), hydrazine, ascorbic acid, citrate, and glucose. Each reducing agent affects the

reaction kinetics and ultimately determines the size, shape, and dispersity of the nanoparticles.

e Sodium borohydride is a strong reducing agent that facilitates rapid nucleation,

leading to small and monodisperse nanoparticles.

e Ascorbic acid (vitamin C) offers a milder reduction process, often resulting in larger

particles with varied morphology.

o Citrate serves both as a reducing and capping agent and is particularly useful in the

synthesis of spherical nanoparticles.

The choice of solvent (typically water or ethanol), temperature, pH, and concentration of
precursors also plays a crucial role in determining the characteristics of the nanoparticles.
Elevated temperatures generally enhance the reduction process and produce smaller particles

due to faster nucleation rates.
2.2.2 Stabilizing Agents

Stabilizers are critical for preventing agglomeration by providing electrostatic or steric
repulsion between particles. Common stabilizers include polyvinylpyrrolidone (PVP),

polyethylene glycol (PEG), and trisodium citrate.
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o« PVP forms a protective layer around nanoparticles, ensuring long-term stability and

compatibility with biological systems.

e PEG improves biocompatibility and can be functionalized for targeted delivery in

medical applications.

The presence of these agents helps maintain colloidal stability and allows for functional

modification of the nanoparticle surfaces for specific applications.
2.2.3 Advantages and Limitations

Chemical synthesis methods allow for excellent control over particle morphology and size by
adjusting reaction parameters. They are also scalable and suitable for industrial production. the
primary concern lies in the use of toxic chemicals, which pose environmental and health
hazards, particularly for biomedical applications. Moreover, the removal of residual reagents

and byproducts is challenging and may affect the biocompatibility of the final product.
2.3 Biological (Green) Synthesis

Biological synthesis, also known as green synthesis, represents an eco-friendly and sustainable
alternative to physical and chemical methods. This approach utilizes biological organisms or
extracts from plants, bacteria, fungi, or algae as reducing and stabilizing agents in the
nanoparticle synthesis process. Green synthesis is gaining traction due to its low toxicity, cost-

effectiveness, and compatibility with biomedical and environmental applications.(8)(9)
2.3.1 Plant-Mediated Synthesis

Plant extracts are rich in phytochemicals such as flavonoids, terpenoids, phenolics, alkaloids,
and proteins, which act as reducing agents to convert silver ions (Ag") into AgNPs and

simultaneously stabilize them.
Examples:

e Neem (Azadirachta indica) extract contains nimbin and quercetin, which facilitate the

reduction of silver ions.
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o Tea (Camellia sinensis) leaves have been used due to their high content of catechins

and polyphenols.

e Tulsi (Ocimum sanctum) and Aloe vera extracts are also widely used for their bioactive

compounds.

The procedure involves mixing silver nitrate with the plant extract under ambient or slightly
elevated temperature. The change in color of the solution (usually from pale yellow to dark

brown) indicates the formation of AgNPs.

Plant-mediated synthesis is rapid, easily scalable, and does not require harsh chemicals.
However, the reproducibility and control over particle size and shape can vary due to

differences in phytochemical composition between plant batches.
2.3.2 Microbial Synthesis

Microorganisms such as bacteria, fungi, and actinomycetes have been employed in both

intracellular and extracellular synthesis of AgNPs.

o Bacteria like Bacillus subtilis, Pseudomonas stutzeri, and Escherichia coli reduce

silver ions through enzymatic processes.

o Fungi such as Fusarium oxysporum, Aspergillus niger, and Penicillium sp. offer high
tolerance to metal ions and secrete large quantities of proteins that act as reducing and

stabilizing agents.

In intracellular synthesis, silver ions are transported into the microbial cell, where they are
reduced to AgNPs by enzymes and proteins. The nanoparticles are then extracted by disrupting

the cells using sonication or chemical treatment.

In extracellular synthesis, microorganisms secrete enzymes into the medium, allowing

AgNPs to form outside the cells, simplifying the downstream processing.

The advantages of microbial synthesis include good control over size, cost-effectiveness, and
eco-friendliness. However, it involves longer incubation times, complex growth conditions,

and potential pathogenicity concerns, especially for certain strains.
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2.3.3 Algal and Yeast-Mediated Synthesis
Algae and yeasts have also been explored for nanoparticle synthesis.

e Marine algae such as Sargassum wightii and Ulva lactuca have shown potential due to

their rich content of bioactive compounds.

e Yeasts like Saccharomyces cerevisiae can synthesize AgNPs through enzymatic

reduction, though their efficiency is generally lower than bacteria or fungi.

2.3.4 Advantages of Green Synthesis

e Eco-friendly: No harmful reagents, solvents, or byproducts.
o Biocompatible: Suitable for biomedical applications.
o Cost-effective: Utilizes readily available natural resources.

e Scalable: Especially for plant-based synthesis.

Challenges include variability in natural extracts, difficulties in standardization, and sometimes

slower reaction kinetics compared to chemical methods.(10)

Table 1.1: Comparative Overview of Synthesis Methods

Method Reducing Agent Advantages Disadvantages
Physical None High purity, no | High energy input, low
(thermal/mechanical) chemical residues scalability
Chemical NaBH., citrate, | Controlled  synthesis, | Use of toxic chemicals,
ascorbic acid scalable purification issues
Biological Plant/microbial Eco-friendly, Batch variability,
(Green) enzymes biocompatible,  cost- | limited control
effective
7
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Figure 1.1: Synthesis of nanoparticles

3. MECHANISMS OF ANTIMICROBIAL ACTION

Silver nanoparticles (AgNPs) are widely recognized for their potent and broad-spectrum
antimicrobial properties. These properties arise not from a single mode of action but rather a
multifaceted approach that affects microbial cells at various levels, leading to their inactivation
or death. The effectiveness of AgNPs spans bacteria (both Gram-positive and Gram-negative),
fungi, and certain viruses. Their antimicrobial action is particularly noteworthy because of their
ability to circumvent resistance mechanisms that often impair traditional

antibiotics.(11)(12)(13)

The following outlines and elaborates the major mechanisms by which AgNPs exert their

antimicrobial effects:

3.1 Disruption of Cell Membranes

One of the most immediate effects of AgNPs upon encountering microbial cells is the
disruption of the cell membrane or cell wall integrity. The nanoparticles adhere to the surface
of microbial membranes, aided by electrostatic interactions between the negatively charged

bacterial membrane and the positively charged AgNPs.

8
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3.1.1 Membrane Permeability Alteration

AgNPs physically interact with the lipid bilayer, causing changes in its structure and increasing
its permeability. This leads to the leakage of vital intracellular components such as ions,
nucleotides, and metabolites. In Gram-negative bacteria, which have a thinner peptidoglycan
layer and an outer membrane rich in lipopolysaccharides (LPS), AgNPs can more easily
penetrate and destabilize the membrane. Gram-positive bacteria, though having a thicker
peptidoglycan layer, are not immune to membrane damage due to the ability of AgNPs to

embed within or disrupt the peptidoglycan matrix.
3.1.2 Morphological Changes

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) studies
have shown that microbial cells treated with AgNPs often display membrane blebbing,
wrinkling, and pore formation. These structural changes culminate in the lysis of cells due to

the inability to maintain osmotic balance.
3.2 Generation of Reactive Oxygen Species (ROS)

Another critical antimicrobial mechanism involves the generation of reactive oxygen species
(ROSY), including superoxide anions (O2"), hydroxyl radicals (*OH), hydrogen peroxide (H20-),
and singlet oxygen ('O2). ROS are chemically reactive molecules that can damage multiple

cellular components.
3.2.1 Induction of Oxidative Stress

AgNPs promote the intracellular generation of ROS either directly or by interacting with the
microbial electron transport chain. Elevated ROS levels lead to oxidative stress, a condition
where the cell's antioxidant defenses are overwhelmed, and damage to critical biomolecules

ensues.
3.2.2 Biomolecular Damage

o Lipid peroxidation: ROS attack the lipid components of membranes, leading to loss

of membrane integrity.
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e Protein oxidation: Structural and functional proteins are oxidized, resulting in

denaturation or loss of function.

o DNA strand breaks: ROS cause both single-strand and double-strand breaks in DNA,

hindering replication and transcription.
Such cumulative damage leads to cellular dysfunction and eventual microbial cell death.
3.3 Interaction with DNA and Proteins

AgNPs have been observed to interact directly with nucleic acids and intracellular proteins,

causing disruption of fundamental cellular processes.
3.3.1 DNA Binding and Replication Inhibition

Once inside the microbial cell, AgNPs and silver ions (Ag") can interact with DNA through
electrostatic attractions or covalent bonding, particularly with phosphate groups and

nitrogenous bases. These interactions can:

e Hinder DNA replication and transcription by preventing the binding of polymerases.
e Induce conformational changes in DNA structure, such as unwinding or denaturation.

o Cause genotoxic effects including mutations, fragmentation, and inhibition of gene

expression.
3.3.2 Enzyme and Protein Dysfunction

AgNPs and Ag" ions can bind to functional groups in proteins, especially thiol (-SH), amine
(-NH2), and carboxyl (-COOH) groups. This can:

e Inhibit enzymatic activity by altering the active site geometry or blocking substrate

acCCess.

e Disrupt metabolic pathways, including glycolysis, ATP synthesis, and amino acid

synthesis.

e Lead to protein aggregation or denaturation.

10
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Microbial enzymes, particularly those involved in antioxidant defense (e.g., catalase,
superoxide dismutase), are primary targets, making the microbe more susceptible to oxidative

damage.
3.4 Release of Silver Ions (Ag")

One of the most significant aspects of AgNP antimicrobial activity is their ability to act as
reservoirs for the slow and sustained release of silver ions (Ag"). These ions are highly reactive
and biologically active, often contributing more to antimicrobial effects than the nanoparticles

themselves.
3.4.1 Ion Exchange and Solubilization

In aqueous environments, particularly under slightly acidic or oxidative conditions, AgNPs
release Ag* through an oxidation reaction. These ions readily penetrate microbial cells and

Initiate toxic effects:

e Bind to thiol groups in enzymes and structural proteins, leading to inactivation and

structural breakdown.

e Disrupt energy metabolism by interfering with respiratory enzymes in the bacterial

electron transport chain.

e Depolarize the cell membrane, affecting ion gradients and inhibiting ATP synthesis.
3.4.2 Synergistic Action

The release of Ag* works synergistically with the physical presence of AgNPs to deliver a two-
pronged attack. While AgNPs disrupt cell structures and induce ROS formation, the ions
further impair cellular metabolism and replication. This dual mechanism of action is thought
to be one reason why microbial resistance to AgNPs is much less prevalent compared to

traditional antibiotics.

11
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Flow chart: 1 Mechanisms of Antimicrobial Action of Silver Nanoparticles (AgNPs)

Role of nanoparticles in antimicrobial therapy

Among the problems with traditional antibiotic treatments include antibiotic resistance and

poor medication penetration; nevertheless, nanoparticles provide a potential solution to these

problems. Research is being conducted to enhance the antibacterial effects of nanoparticles by

finding the best ways to build and transport them. Figure displays many benefits of

nanoparticles in the battle against bacterial infections;

below.(14)(15)
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Fig. 2 Bactericidal effect of nanoparticles and their modes of action

Nanoparticles have emerged as a revolutionary tool in the field of antimicrobial therapy,
especially in an era marked by increasing antibiotic resistance and limited efficacy of
conventional antimicrobials. Their unique physicochemical properties—such as high surface
area-to-volume ratio, enhanced reactivity, and the ability to interact at the cellular and
molecular level—make nanoparticles potent agents for combating a wide range of microbial

pathogens, including bacteria, fungi, and viruses.
1. Overcoming Antibiotic Resistance

One of the most critical contributions of nanoparticles in antimicrobial therapy is their ability
to bypass or overcome traditional resistance mechanisms exhibited by microbes. Unlike
antibiotics that typically target specific metabolic pathways or enzymes, nanoparticles disrupt
multiple cellular components simultaneously, thereby reducing the chance of resistance

development.

o Silver nanoparticles (AgNPs), for instance, attack bacterial cells through membrane

disruption, ROS generation, and interference with DNA replication.

13
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e Zinc oxide and titanium dioxide nanoparticles produce reactive oxygen species that

damage microbial cells.

e Nanoparticles can also restore the efficacy of existing antibiotics by serving as

carriers or synergistic agents.
2. Targeted Drug Delivery

Nanoparticles can be engineered to specifically target microbial cells or infection sites,
reducing the impact on healthy tissues and minimizing side effects. Functionalization with
ligands, antibodies, or polymers allows for selective targeting, which is particularly useful in

infections involving biofilms or intracellular pathogens.

e Liposomes, dendrimers, and polymeric nanoparticles are widely used in

antimicrobial drug delivery systems.

o Magnetic nanoparticles can be guided to infection sites using external magnetic fields.

3. Enhanced Drug Solubility and Bioavailability

Many antibiotics suffer from poor solubility or instability in physiological conditions.

Nanoparticles help enhance the solubility, stability, and bioavailability of these drugs.

o Encapsulation of hydrophobic drugs within nanoparticles ensures better absorption

and sustained release.

o Controlled-release formulations provide prolonged antimicrobial effects, reducing

dosing frequency.
4. Antibiofilm Activity

Biofilms are structured microbial communities that exhibit high resistance to antibiotics and
immune responses. Nanoparticles have demonstrated the ability to penetrate biofilm matrices
and disrupt quorum sensing, thereby preventing biofilm formation or facilitating its

breakdown.

14
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e AgNPs, chitosan nanoparticles, and graphene oxide-based systems are especially

effective against biofilms.

e They can also serve as carriers for biofilm-targeted agents such as enzymes or

peptides.
CONCLUSION

Since they are effective against many different types of bacteria, including those that are
resistant to many drugs, silver nanoparticles (AgNPs) are seen as a new and exciting area of
study in the field of antimicrobials. In contrast to conventional antibiotics, AgNPs have a
number of useful unique mechanisms, such as the breakdown of membranes, the generation of
oxidative stress, and the interference with important microbiological activities. In light of the
growing need for environmentally friendly nanotechnology, green synthesis has emerged as
the preferred method of synthesis. However, there are still many obstacles that need to be
carefully overcome, including the possibility of cytotoxicity, environmental buildup, and the
risk of resistance development, all of which can be mitigated through thorough toxicological
evaluations and controlled usage. Assuming they are developed in accordance with strong
scientific data and under to regulatory supervision to guarantee safety and effectiveness,

AgNPs have great promise for use in environmental, pharmaceutical, and therapeutic settings.
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