
INTRODUCTION
Due to its inherent antibacterial properties, silver has been 
used for food preservation, water purification, and infection 
treatment since ancient times. Silver’s continued importance 
is demonstrated by its use in utensils and wound dressings by 
ancient civilizations like the Greeks, Romans, and Egyptians. 
The recognition of silver’s tremendous antibacterial potential, 
which endures even in today’s technologically advanced era, 
was made possible thanks to these ancient applications.
The development of nanotechnology has transformed the way 

that silver is used to fight off microbiological dangers. Due to 
the special nanoscale features that set them apart from bulk 
silver materials, silver nanoparticles (AgNPs) have become a 
cutting-edge method. The shift from macro to nano has opened 
up new antibacterial mechanisms and produced a wide range 
of modern uses.
Silver Nanoparticles in Current Antimicrobial Applications
The advent of AgNPs exemplifies the contemporary relevance 
of silver in contemporary antimicrobial applications. AgNPs 
have a high surface-to-volume ratio, which increases their 
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interactions with microorganisms in contrast to their larger 
counterparts. AgNPs have been investigated in various sectors, 
including medicine, textiles, and environmental remediation, 
due to their nanoscale behavior. AgNPs are helping in a new 
age in infection control by making their way into medical 
devices, wound dressings, and coatings.

This review sets out on a thorough journey to elucidate 
the complex world of AgNPs as antibacterial agents. In the 
beginning, it aims to clarify the fundamental mechanisms 
underpinning AgNPs antibacterial activity. An in-depth 
knowledge of these mechanisms, from their interactions with 
microbial cell membranes to the production of reactive oxygen 
species, is essential for realizing their full potential. The second 
section of the review discusses the difficulties of using AgNPs. 
These include worries about toxicity, problems with stability, 
and the development of resistance mechanisms. The dangers 
can be reduced, and applications can be made safe and efficient 
by recognizing and addressing these difficulties. The paper also 
explores the various applications where AgNPs are having a 
significant impact. AgNPs’ adaptability in combating microbial 
dangers is demonstrated in a variety of applications, including 
wound healing, medical devices, and environmental cleaning.1

Synthesis of Silver Nanoparticles

Overview of various synthesis methods
There are numerous ways to create AgNPs, each of which has 
its own benefits and degrees of control over the nanoparticle’s 
characteristics. The three basic types of synthesis procedures 
are chemical, physical, and biological approaches. Through 
the manipulation of reaction conditions, silver ions in solution 
are frequently reduced via chemical techniques, producing 
nanoparticles with controllable sizes. Physical approaches 
enable fine control over particle properties through the use of 
processes like laser ablation and evaporation-condensation. 
AgNPs are produced via biological methods, which show the 
possibility for an environmentally friendly and sustainable 
synthesis by using microorganisms or plant extracts as 
reducing agents (Table 1).2-5

Green synthesis techniques
Due to their environmental friendliness and potential for 
biological compatibility, green synthesis techniques have 
attracted a lot of attention. Plant extracts, fungus, and bacteria 
have been used in biogenic synthesis as reducing agents, 
demonstrating their promise for environmentally friendly 

Table 1: Synthesis methods for silver nanoparticles6-9

Synthesis method Description Advantages Challenges Ref.

Chemical methods Reduction of silver ions in solution 
using chemical reagents.

Controlled size tuning, 
scalability

Chemical reagent disposal, 
potential toxicity

6

Physical methods Techniques like laser ablation, 
evaporation-condensation, and others.

Precise control over particle 
properties

Energy-intensive, limited 
production scale

7

Biological methods Utilization of microorganisms or plant 
extracts as reducing agents.

Eco-friendly, potential for 
green synthesis Variability in reaction outcomes 8

Green synthesis Biogenic approaches using plant 
extracts, fungi, bacteria, etc.

Environmentally sustainable, 
biocompatible

Limited control over particle 
properties

9

nanoparticle manufacturing. These procedures frequently 
take place in comfortable settings, reducing the need for harsh 
chemicals and labor-intensive procedures. Notably, using 
plant extracts adds bioactive substances that can boost the 
antibacterial effectiveness of AgNPs.10

Advantages in terms of environmental sustainability and 
biomedical compatibility
By avoiding the use of hazardous chemicals and producing 
less waste, green synthesis techniques adhere to the ideals of 
environmental sustainability. The biocompatibility of many 
chemicals and biomolecules originating from plants makes 
AgNPs more useful in biomedical applications, including 
medication delivery and wound healing. Additionally, the 
biogenic method provides a technique to make nanoparticles 
with predetermined sizes, shapes, and surface chemistries, 
which can affect how well they interact with biological systems 
and how well they fight off microbes.

Because of their lower cytotoxicity and potential for 
targeted therapeutic interventions, AgNPs produced using 
green synthesis have a lower ecological impact than those 
produced using conventional methods. This makes them 
attractive candidates for use in medicine.
Mechanisms of Antimicrobial Action

Elaboration of multiple mechanisms
Through a complex interplay of processes, AgNPs demonstrate 
their powerful antibacterial activities, collectively targeting 
a wide variety of microbial components and pathways 
(Figures 1, and 2).
Bacterial cell membrane interaction and membrane integrity 
disruption
Direct contact between AgNPs and bacterial cell membranes 
is a key mechanism underlying the antibacterial activity of 
AgNPs. AgNPs can enter bacterial cell walls and adsorb on the 
lipid bilayer because of their nanoscale size. This interaction 
causes the integrity of the membrane to become unstable, 
increasing permeability and ultimately causing the leakage 
of cellular contents. Ion imbalance and cell death are the end 
results of disturbance of the selective barrier function of the 
cell membrane.
Oxidative stress is caused by reactive oxygen species production
When in contact with microbial cells, AgNPs have the capacity 
to produce reactive oxygen species (ROS), leading to oxidative 
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damage. Vital biological components like lipids, proteins, and 
nucleic acids are subject to oxidative damage brought on by 
ROS, such as superoxide radicals and hydroxyl radicals. By 
altering vital metabolic pathways, this oxidative assault limits 
cellular processes and aids in the death of microbes.
Microbial enzyme interaction and inhibition of critical 
processes
Interference with microbial enzymes that are crucial for 
crucial functions is another aspect of AgNPs’ antibacterial 
effect. AgNPs interfere with enzyme activity by attaching to 
active sites, impacting vital physiological processes such as 
protein synthesis, energy production, and DNA replication. 
The disruption of microbial viability is a result of AgNPs’ 
suppression of these essential activities (Table 2).11

Challenges in Utilizing Silver Nanoparticles

Addressing potential toxicity concerns and environmental 
implications
AgNPs have intriguing antibacterial properties, but their use 
raises questions about their potential harm to both human 
health and the environment. The small size and large surface 
area of nanoparticles increase their reactivity, which could 
result in unexpected interactions with biological systems. 
AgNPs must have their cytotoxic effects, including any 
potential disruption of cellular processes and generation 

of oxidative stress, thoroughly evaluated. Additionally, the 
introduction of AgNPs into aquatic environments may have an 
effect on aquatic creatures, making it crucial to comprehend 
their ecotoxicity and develop effective risk management plans.
Overcoming barriers in nanoparticle stability, aggregation, 
and controlled release
AgNPs’ antibacterial effectiveness is significantly influenced 
by their stability and regulated release. AgNPs’ propensity to 
aggregate in complex environments can reduce their surface 
area and impair their ability to interact with their target 
microorganisms. To address this issue, a number of techniques 
have been investigated, including surface functionalization and 
encapsulation, to improve the stability of AgNPs and manage 
their release kinetics. By ensuring controlled release, one can 
improve the antibacterial effects while simultaneously lowering 
the risk of cytotoxicity brought on by uncontrolled nanoparticle 
exposure (Table 3).
Development of resistance mechanisms in microbes
The emergence of microbial resistance over time is a possible 
problem for AgNP use. AgNP efficacy may be impacted by 
the selection of resistant microbial strains with altered cell 
membrane properties following repeated exposure to sub-
lethal quantities of AgNPs. For the purpose of developing 
measures to prevent the emergence of resistance, it is essential 
to comprehend the processes causing AgNP resistance, such 
as efflux pumps or membrane changes. In order to reduce the 
chance of encouraging resistance among microbial populations, 
this problem emphasizes the significance of responsible and 
focused AgNP usage.13

Clinical and Biomedical Applications

Silver nanoparticle research in wound healing and infection 
prevention
Due to their diverse antibacterial characteristics and potential 
to speed up tissue repair, AgNPs have emerged as promising 
agents in wound healing and infection management. AgNPs are 
desirable for preventing and treating wound infections due to 
their capacity to battle a wide range of pathogens. AgNPs can 
slow infection spread and aid in wound healing by rupturing 
microbial cell membranes and blocking enzymes essential for 
bacterial development. Additionally, the ability of AgNPs to 
control inflammation and encourage angiogenesis contributes 
to their effectiveness in wound healing. The potential of AgNPs 
to transform wound management is demonstrated by their 
incorporation into topical formulations and wound dressings.17

Silver nanoparticles in implants and medical devices to 
prevent biofilm formation
In healthcare settings, biofilm growth on implants and medical 
equipment presents substantial issues. Through a number of 
processes, AgNPs provide a possible option by preventing the 
development of biofilm. AgNPs’ interactions with bacterial 
cell membranes and the destruction of biofilm matrix elements 
prevent microbial adhesion and colonization. Additionally, the 
continued release of antimicrobial chemicals by AgNPs can 

Figure 1: Mechanisms of antimicrobial action

Figure 2: Summary of mechanisms of antimicrobial action
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Table 2: Mechanisms of antimicrobial action by silver nanoparticles12

Mechanism of action Description Benefits Limitations
Interaction with cell 
membranes

Direct interaction with microbial cell membranes, leading to 
destabilization and leakage of cellular contents.

Effective against a wide 
range of microbes

May lead to potential 
resistance

Generation of ROS AgNPs induce oxidative stress by generating ROS, causing 
damage to cellular components and pathways.

Broad-spectrum activity, 
rapid action

ROS-mediated toxicity to 
host cells

Inhibition of microbial 
enzymes

AgNPs disrupt microbial enzymes, impairing essential 
processes such as DNA replication and protein synthesis.

Effective against enzyme-
dependent growth

Potential impact on 
beneficial enzymes

Other mechanisms AgNPs may also disrupt microbial biofilms, affect signaling 
pathways, and induce changes in gene expression.

Multifaceted and 
adaptable

Mechanisms may be less 
well-understood

Table 3: Summary of challenges and strategies for silver nanoparticle utilization14-16

Challenge Description Strategies to address Ref.

Toxicity concerns Concerns regarding potential cytotoxic effects on human 
health and ecotoxicity in the environment.

In-depth toxicity studies, biocompatible 
coatings 14

Stability and aggregation AgNPs’ tendency to aggregate in complex environments 
impacts antimicrobial efficacy. Surface modification, encapsulation 15

Resistance development Microbial resistance to AgNPs due to continuous exposure, 
potentially reducing efficacy over time. Alternating therapies, targeted usage 16

prevent the growth of biofilms. AgNPs have the potential to 
reduce biofilm-related problems and lengthen the lifespan of 
implanted devices by being incorporated into medical device 
coatings and implant materials.18

Applications in topical ointments, dressings, and 
antibacterial coatings
The antibacterial power of AgNPs is also utilized in topical 
preparations, dressings, and coatings to treat and prevent 
infections. AgNPs’ focused antibacterial effect in topical 
ointments can be used to fight localized infections and lessen 
the chance of systemic antibiotic resistance. AgNPs-embedded 
dressings deliver a steady flow of silver ions, fostering an 
environment that is antibacterial and supportive of wound 
healing. Additionally, AgNPs can be added to antibacterial 
surface coatings in clinical settings to assist stop the spread 
of illnesses (Table 4). These uses emphasize the ability of 
AgNPs to alter infection control tactics and enhance patient 
outcomes.19,20

Environmental Applications

Discussion on employing silver nanoparticles in water and 
air purification
Attention has been drawn to AgNPs because of their potential 
uses in environmental remediation, particularly in water 
and air cleaning. By rupturing their cell membranes and 
obstructing their metabolic activities, harmful microbes can 
be successfully stopped from growing when water is treated 
with AgNPs. Their large surface area allows toxins such as 
heavy metals and organic pollutants to be adsorbed efficiently, 
improving water quality. AgNPs’ propensity to produce 
reactive oxygen species also increases the degradation of 
contaminants and the overall purification of water.

AgNPs have also demonstrated promise in air purification 
systems. Because of their antibacterial qualities, AgNPs can 
fight off airborne pathogens and lessen the chance that illnesses 

will spread through the respiratory system. AgNPs may also 
efficiently absorb and remove allergens, volatile organic 
compounds, and particulate matter from indoor air, improving 
air quality. A practical method to reduce indoor air pollution 
and improve public health is the use of AgNPs in filtration and 
ventilation systems.
Possibility of reducing microbial contamination in food and 
agricultural settings by using silver nanoparticles
In order to combat issues with foodborne illnesses and crop 
protection, AgNPs provide a potential option to reduce microbial 
contamination in food and agricultural contexts. AgNPs’ 
antibacterial action in food processing can stop the growth 
of foodborne pathogens and spoil microorganisms, extending 
the shelf life of perishable goods. Additionally, the addition of 
AgNPs to packing materials can build another line of defense 
against microbial contamination, maintaining food safety.

AgNPs can be utilized as nano pesticides in agricultural 
settings to fight plant illnesses brought on by pathogenic 
microorganisms. Their focused attack on bacteria and fungi 
can lessen the need for traditional chemical pesticides, possibly 
reducing environmental pollution and maintaining ecosystem 
health. To minimize potential environmental effects, it is 
crucial to ensure that AgNP usage in agriculture adheres to 
sustainable practices (Table 5).
Future Research Outlook and Directions

Emerging trends and research topics for the future
As AgNPs are increasingly used as antibacterial agents, 
new trends and exciting research paths are being explored. 
The creation of AgNPs with improved selectivity, which 
target particular diseases while preserving beneficial 
microorganisms, is an important avenue. By minimizing 
alterations to the microbiota, this research may result in 
antimicrobial therapies that are more suited and more efficient 
(Tables 6 and 7).
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Table 4: Synergistic effects of antibiotics with silver nanoparticles21

Antibiotic Mechanism of action Synergistic effects with silver nanoparticles Applications

Gentamicin Aminoglycoside antibiotic Silver nanoparticles enhance bacterial membrane permeability. Medical implants, wound 
dressings

Amoxicillin Beta-lactam antibiotic Silver nanoparticles disrupt bacterial cell wall, improving access. Infections, urinary catheters

Ciprofloxacin Fluoroquinolone antibiotic Silver nanoparticles increase antibiotic uptake via membrane 
damage.

Ophthalmic infections, bone 
implants

Vancomycin Glycopeptides antibiotic Silver nanoparticles weaken bacterial cell walls, aiding 
penetration.

MRSA infections, implant-
associated infections

Tetracycline Tetracycline antibiotic Silver nanoparticles inhibit efflux pumps, enhancing antibiotic. Acne treatment, wound 
infections

Erythromycin Macrolide antibiotic Silver nanoparticles disrupt bacterial membranes, improving 
efficacy.

Respiratory infections, skin 
infections

Table 5: Summary applications of silver nanoparticles in biomedical and environmental settings22

Application Description Significance Examples

Wound healing Integration of AgNPs into wound dressings and 
topical formulations to enhance wound healing.

Reduced infection risk, accelerated 
healing

Silver-based wound 
dressings

Medical devices Incorporation of AgNPs into medical devices and 
implants to prevent biofilm formation and infections.

Prolonged device lifespan, improved 
patient outcomes

Silver-coated catheters, 
orthopedic implants

Infection control Usage of AgNPs in coatings for surfaces and textiles 
to prevent microbial growth and transmission.

Reduced disease transmission, 
improved hygiene

Antimicrobial coatings 
for hospital surfaces

Water purification Integration of AgNPs in water treatment systems to 
eliminate pathogens and improve water quality.

Enhanced pathogen removal, safer 
drinking water AgNP-based water filters

Air purification Incorporation of AgNPs in air filtration systems to 
capture and neutralize airborne pathogens.

Reduced indoor air pollution, 
improved air quality

Air purifiers with AgNP-
coated filters

Agricultural 
applications

Utilization of AgNPs in nanopesticides and coatings 
to protect crops and enhance agricultural yield.

Reduced pesticide use, improved 
crop protection

AgNP-infused 
nanopesticides

Table 6: Application of silver in various fields23-31

Product Description Application Ref

Silver nanoparticles Nanoscale silver particles with high surface area, 
exhibit potent antimicrobial activity

Wound dressings, textiles, coatings, 
medical devices, water treatment, 
electronics

23

Silver sulfadiazine Topical cream containing silver compound for 
preventing and treating infections in burns and wounds. Burn and wound treatment 24

Silver-coated catheters Catheters coated with silver to reduce microbial 
colonization and catheter-associated infections

Urinary catheters, intravenous catheters, 
central venous catheters 25

Silver-containing wound 
dressings

Dressings infused with silver for sustained 
antimicrobial activity.

Wound dressings for chronic or infected 
wounds, ulcers, surgical wounds 26

Colloidal silver
Suspension of tiny silver particles in a liquid 
medium, often used as a dietary supplement or topical 
antimicrobial agent

Oral health, wound care, immune support, 
dietary supplements 27

Silver-embedded textiles Textiles like clothing, bedding, and upholstery 
embedded with silver

Antimicrobial clothing, bedding, 
upholstery, medical fabrics 28

Ionic silver solutions Solutions containing silver ions dissolved in water, 
used for various antimicrobial applications.

Oral health, immune support, water 
treatment, wound care 29

Silver-coated medical 
implants

Medical devices like implants, stents, and prosthetics 
coatedwith silver to prevent infections

Reduced risk of device-associated 
infections, improved biocompatibility 30

Nano-silver inks Inks containing silver nanoparticles used in printed 
electronics and antimicrobial coatings Electronics, antimicrobial coatings 31

Understanding how AgNPs interact with host immune 
systems is another interesting trend. Investigating the 
immunomodulatory capabilities of AgNPs can reveal their 

potential to enhance immune responses to infections and 
speed up tissue repair. Additionally, a promising approach to 
addressing ongoing microbiological issues is the examination 
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Table 7: Emerging trends and future research directions32-36

Trend/Direction Description Potential impact and 
benefits Research avenues Ref.

Targeted 
antimicrobial 
strategies

Development of AgNPs with enhanced selectivity, 
targeting specific pathogens while sparing beneficial 
micro flora.

More tailored and 
effective interventions

Modification of AgNP 
surface chemistries 32

Immunomodulatory 
properties

Exploration of AgNPs’ impact on host immune systems, 
potential to boost immune responses and tissue repair.

Enhanced infection 
defense, tissue repair

Immune cell interaction 
studies 33

Biofilm-related 
infections

Investigating AgNPs’ role in addressing persistent 
biofilm-related infections in medical and environmental 
contexts.

Enhanced management of 
chronic infections

Biofilm models, 
combination therapies 34

Combinational 
therapies

Integration of AgNPs with traditional antibiotics or 
alternative antimicrobial compounds for synergistic 
effects.

Overcoming drug 
resistance, broader 
efficacy

Combination therapy 
studies 35

Advanced material 
integration

Incorporation of AgNPs into advanced materials, 
nanofibers, and nanotechnologies for enhanced 
applications.

Multifunctional platforms, 
controlled delivery

Integration with 
nanoscale carriers 36

of AgNPs’ effects on biofilm-related infections, such as those 
in chronic wounds or medical implants.
Potential for combinational therapies with other 
antimicrobial agents
Using AgNPs in combination with other antimicrobial agents 
provides a flexible strategy to address the problems caused by 
antibiotic resistance and improve treatment efficacy. AgNPs’ 
distinct modes of action can work in concert with conventional 
antibiotics or alternative antimicrobial substances to produce 
more effective and comprehensive treatments. Combination 
strategy development has the ability to reduce the emergence of 
resistance, improve doses, and widen the range of antibacterial 
activity.
Integration of advanced materials and nanotechnologies 
with silver nanoparticles
AgNPs can be more effectively used by combining them 
with modern materials and nanotechnologies, which is a 
promising direction. AgNPs can be incorporated into scaffolds, 
hydrogels, and nanofibers to produce multifunctional platforms 
for controlled drug delivery, tissue engineering, and wound 
healing. Additionally, the combination of AgNPs with point-of-
care diagnostic instruments or wearable technology can offer 
real-time monitoring and prompt infection management action.

Exploring AgNPs in combination with nanoscale delivery 
systems like liposomes or nanoparticles provides a method 
for targeted antimicrobial agent delivery and controlled 
release. This method demonstrates the promise of AgNPs in 
personalized medicine by maximizing drug dispersion and 
reducing potential cytotoxicity.

CONCLUSION
This comprehensive analysis explored the multifaceted 
realm of AgNPs as potent antimicrobial agents. From their 
mechanisms of action to challenges and diverse applications, 
our journey spanned historical uses of silver to their modern 
biomedical and environmental roles. We highlighted AgNPs’ 
exceptional potential to combat a broad spectrum of infections, 

underpinned by nanoscale interactions with microbes. Their 
modes of action, including membrane disruption and ROS 
generation, position AgNPs as powerful defenders against 
microbial threats. However, we recognized the need to address 
challenges, from toxicity concerns to resistance emergence, to 
ensure responsible use.

AgNPs’ significance is undeniable, with applications 
spanning agriculture, water purification, wound healing, 
and medical devices. They offer promise amidst the rising 
antimicrobial resistance crisis. AgNPs’ multifunctionality and 
unique mechanisms pave the way for novel defenses against 
evolving microbial challenges. Collaborative research and 
responsible utilization stand as key in tapping AgNPs’ potential 
for global antimicrobial resistance solutions.

AgNPs shine as versatile agents in our ongoing battle 
against microbial threats. Their adaptability, innovation, 
and promise position them as pivotal players in this 
critical narrative. This review’s hope is to catalyze further 
investigation, collaboration, and progress in the dynamic realm 
of silver nanoparticles, shaping a healthier and safer future in 
the face of the urgent and complex challenge of antimicrobial 
resistance.
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