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Abstract
Silver nanoparticles (AgNPs) have garnered remarkable attention across scientific and

industrial domains due to their unique physicochemical properties, including potent
antimicrobial activity, tunable optical characteristics, high electrical and thermal
conductivities, and broad applicability in fields ranging from medicine to energy. This review
presents a comprehensive examination of AgNPs, detailing classifications, synthesis methods,
characterization techniques, and diverse applications. The synthesis approaches, including top-
down (e.g., milling, laser ablation) and bottom-up (e.g., chemical reduction, microemulsion,
and biological synthesis), are discussed with an emphasis on how reaction parameters—such as
temperature, pH, and concentration—influence nanoparticle size, shape, and surface
functionality. The review also covers prevalent techniques for characterization, including UV-
Vis spectroscopy, electron microscopy, X-ray diffraction, and zeta potential analysis,
highlighting how each method provides insights into critical attributes like particle stability and
crystalline structure. Furthermore, the paper explores a range of AgNP applications, from
antimicrobial coatings and wound healing products to advanced catalysts, conductive inks for
printed electronics, and thermal energy storage systems. Despite these advantages, concerns
over toxicity and environmental safety remain paramount, underscoring the need for
responsible design and usage. Factors including nanoparticle size, shape, surface charge, and
aggregation significantly affect their toxicological profiles. Finally, this review addresses
emerging trends—such as biosynthesis routes and multifunctional nanocomposites—and
examines the evolving regulatory landscape that shapes the safe and sustainable deployment of
silver nanoparticles.
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1. INTRODUCTION

Nanotechnology has revolutionized various
fields—ranging from pharmaceuticals and
agriculture to electronics and energy—by
offering unparalleled approaches to solving
traditional challenges. In particular, metal-
based with  their

physicochemical

nanoparticles, unique

properties, have attracted
widespread attention (Eker et al., 2024).
Among the different types of metallic
nanoparticles, silver nanoparticles (AgNPs)
stand out due to their distinctive antibacterial,
antifungal, and antiviral activities (Bamal et
al., 2021). These unique attributes of AgNPs
have opened the door to a myriad of
applications, including but not limited to
medical devices, wound dressings, sensors,
electronics, energy storage systems, and
environmental remediation processes (Wang,

Hu, & Shao, 2017).

This review aims to provide a comprehensive
overview of silver nanoparticles, covering
their classification, various synthesis methods,
key structural and physicochemical properties,
characterization techniques, primary
applications, and concerns related to toxicity
and safety. Given the multiplicity of methods
used for synthesizing silver nanoparticles—
from physical and chemical to biological

approaches—it is essential to understand how
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these methods influence the characteristics of
the final product. Each synthesis route can
yield nanoparticles of varying sizes, shapes,
and surface functionalities, all of which affect
their performance and potential applications
(Igbal, Preece, & Mendes, 2012).

Moreover, the toxicity of AgNPs to human
health and the environment remains a topic of
intense investigation (Jaswal & Gupta, 2023).
Several studies have shown that factors such
as size, shape, surface charge, and coating
type can significantly influence the
biocompatibility and toxicological profile of
silver nanoparticles (Kim et al., 2012). This
review presents a balanced perspective,
addressing both the advantages of AgNP
applications and the associated risks. It seeks
to serve as a central resource for researchers,
clinicians,  and

engineers, regulatory

authorities  interested in the holistic

understanding of silver nanoparticles.

In the following sections, we begin by
outlining the classification of nanoparticles,
with a focus on silver nanoparticles. We then
delve into the synthesis strategies, thoroughly
discussing top-down and bottom-up methods
as well as emerging green
approaches (Dhaka, Chand Mali, Sharma, &

Trivedi, 2023). Characterization techniques—

synthesis

including electron microscopy and
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spectroscopy—are explored to highlight how
each method provides critical insights into
particle size, shape, and surface properties.
Next, we turn to applications of AgNPs,
discussing their role in antimicrobial agents,
wound healing, energy storage, sensors, and
dentistry (Paladini & Pollini, 2019; Chen,
Qiao, Qiu, & Chen, 2009; Bapat et al., 2018).
Finally, we address toxicity, emphasizing the
importance of responsible design and use,
especially in biomedical and consumer
contexts (Cho et al., 2018; Shenashen, El-
Safty, & Elshehy, 2014).

By the end of this review, the reader will have
a thorough understanding of the entire life
cycle of silver nanoparticles—from their
creation to their utilization and eventual
environmental fate. This knowledge is crucial
for guiding future research and shaping
prudent regulatory frameworks that maximize

benefits while minimizing risks.

2. Classification of Nanoparticles

2.1 General Nanoparticle Classification

Nanoparticles can be broadly categorized
based on their composition, size, morphology,
and application (Eker et al., 2024). Some of
the most common classification parameters

include:
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1. Composition
o Metallic nanoparticles such as
silver, gold, copper, and aluminum.
o Metal oxide nanoparticles such as
titanium dioxide, zinc oxide, and
iron oxide.
o Polymeric nanoparticles,

synthesized  from natural or
synthetic polymers.

o Carbon-based nanoparticles like
carbon nanotubes, fullerenes, and
graphene.

2. Size
Nanoparticles are typically within the
range of 1 to 100 nm in at least one
dimension. However, functional or
effective size ranges can extend well
beyond 100 nm, particularly when
considering biological or
environmental applications (Bamal et
al., 2021).
3. Morphology

Variations in shape (e.g., spherical,

rod-shaped, cubic, triangular, star-
shaped) can drastically impact the
physical and chemical properties of
nanoparticles (Cheon, Kim, Rhee,
Kwon, & Park, 2019).

4. Synthesis Approach

o Top-down methods: Breaking down bulk

materials into nanoscale particles, often
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through mechanical milling or lithographic

techniques.
o Bottom-up methods: Building
nanoparticles from atoms or molecules,
typically through chemical or biological
self-assembly (Abid et al., 2022).

. Targeted Applications

o1

o Biomedical: Drug delivery, diagnostics,
imaging, and tissue engineering.

o Electronics: Conductive inks, circuit

components, sensors, and data storage.

Energy: Catalysts in fuel cells, materials

(@)

for solar energy conversion, thermal
energy storage enhancers
Pandey, Saidur, & Tyagi, 2023).

o Environmental: Water treatment, pollutant

(Kalidasan,

sensing, and waste remediation.

2.2 Focus on Silver Nanoparticles (AgNPs)

Within the universe of metallic nanoparticles,

silver nanoparticles have a particularly

prominent role due to their potent
antimicrobial capabilities and facile synthesis
(Zhang, Liu, Shen, & Gurunathan, 2016).
AgNPs can be shaped into a variety of
morphologies, including spheres, rods, plates,
cubes, wires, and multi-branched structures,
depending on the choice of synthesis route and
reaction conditions (Raza et al., 2016). This
morphological versatility can be leveraged to

tune optical properties (e.g., localized surface
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plasmon  resonance, LSPR),

efficiencies, and biological activities.

catalytic

Additionally, the surface chemistry of AgNPs
can be modified with ligands, polymers, or
biomolecules, enabling functionalities such as
targeted drug delivery, biosensing, and

enhanced  stability in  biological or
environmental matrices (Hoang et al., 2020).
Despite these advantages, silver nanoparticles
are not without potential drawbacks, primarily
their toxicity and cost considerations. The
sections that follow provide a deep dive into
how AgNPs are synthesized, characterized,
and employed, along with a discussion of

critical safety and toxicity aspects.

3. Silver Nanoparticles: Background and

Overview

Silver has been recognized as an antimicrobial
agent for centuries, long before the advent of
modern antibiotics (Kanwar et al., 2022). The
transition from bulk silver to silver
nanoparticles markedly enhances antibacterial
efficacy due to increased surface area and
heightened reactivity (Wang et al., 2017).
With a larger surface-to-volume ratio, AgNPs
can release silver ions more efficiently,
disrupting cellular membranes, interfering
with metabolic pathways, and generating

reactive oxygen species (ROS) that damage
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essential biomolecules (Pal, Tak, & Song,
2007).

3.1 Historical Context

Historically, silver-based compounds have

been wused in wound dressings, water
disinfection, and surgical instruments. The
development of nanotechnology further
expanded silver’s utility into numerous high-
value applications. In the modern era, silver
nanoparticles have garnered attention for their
potential in point-of-care diagnostics, cancer
therapy, and as additives in coatings and

textiles (Haque et al., 2021).

3.2 Unique Properties of  Silver

Nanoparticles

1. Optical Properties: AgNPs exhibit
localized surface plasmon resonance

(LSPR), which leads to strong absorption
and scattering in the visible to near-
infrared range (Farooq, Dias Nunes, & de
Araujo, 2018). This property forms the
basis for sensing applications, surface-
enhanced Raman scattering (SERS), and
colorimetric assays (Cobley, Skrabalak,
Campbell, & Xia, 2009).

2. Antibacterial Activity: The broad-

spectrum antimicrobial action of AgNPs is

well-documented; it disrupts bacterial cell
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walls and membranes, and it can generate
toxic radicals (Ravindran, Chandran, &
Khan, 2013).

3. Electrical Conductivity: Silver is among
the most conductive metals. Its
nanoparticles are employed in conductive
inks, flexible electronics, and other high-
performance electronic components (Chen
et al., 2009; Alshehri et al., 2012).

4. Thermal

notable thermal conductivity, making them

Conductivity: AgNPs have

suitable for heat-management solutions in

electronics and other systems requiring

dissipation of heat (Zhou,
Zhuang, Wu, & Liu, 2018).

5. Chemical Stability:

efficient

In comparison to
other metals, silver nanoparticles can be
more prone to oxidation; however, surface
modifications can significantly improve
stability (Ravindran et al., 2013).

Because of these properties, AgNPs find wide-
ranging applications that include antibacterial
coatings, wound healing materials, biosensors,
catalysis, drug delivery, and more (Paladini &
2019).

understanding of synthesis, characterization,

Pollini, Nonetheless, a holistic

and safety is essential to optimize and

responsibly implement these nanoparticles.

4. Synthesis of Silver Nanoparticles
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The synthesis method chosen to prepare silver
nanoparticles heavily influences their size,
morphology, crystalline structure, and overall
performance in any application (Zhang et al.,
2016). Broadly, AgNPs can be synthesized
using either a top-down approach—where
bulk silver is broken down into nanosized
fragments—or a bottom-up approach, where
atoms or molecules are assembled into
nanoscale structures (Igbal et al., 2012; Abid
et al., 2022). Additionally, emerging green
methods

synthesis employing biological

agents or natural extracts have gained
popularity due to their reduced environmental

impact (Dhaka et al., 2023).

4.1 Top-Down Approaches

4.1.1 Physical Milling

In top-down synthesis, bulk silver is subjected
to high-energy milling processes or grinding
in specialized equipment (Abid et al., 2022).
This process can yield small particles,
although controlling the size distribution can
be challenging. Additionally, high-energy
milling can introduce impurities or structural
defects that may require further purification

steps.
Advantages:

e Simple operational procedure.
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o Large-scale production feasibility.

Disadvantages:

« Inconsistent particle size distribution.

o Potential contamination from milling
media.

o Often

stabilize nanoparticles.

requires post-processing to

4.1.2 Laser Ablation

Laser ablation is another top-down technique
in which a pulsed laser is focused on a silver
immersed in a

2014).

temperatures  and

target liguid medium

(Shenashen et al., The extreme
localized pressures
generated by the laser cause the ejection of
silver species, which then form nanoparticles
in the liquid. Although laser ablation offers
good control over particle size and shape, it
typically suffers from high equipment costs

and relatively low throughput.

Advantages:

o Contaminant-free synthesis because no
chemical reagents are required.
e Good control of size and shape by

adjusting laser parameters.

Disadvantages:

« High operational costs.
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e Low yield, making large-scale

production challenging.
4.2 Bottom-Up Approaches

Bottom-up approaches involve chemical or
biological reduction of silver ions into silver
nanoparticles (Abid et al., 2022). The methods
often rely on reducing agents such as sodium
borohydride, ascorbic acid, or plant extracts.
With careful control of reaction conditions
(e.g., temperature, pH, reactant concentration),
highly uniform nanoparticles can be obtained
(Zhang et al., 2016).

4.2.1 Chemical Reduction

In chemical reduction, silver salts (e.g., silver
nitrate) are reduced to metallic silver using a
reducing agent. This method is widely used
due to its simplicity and adaptability.
capping (e.q.,
polyvinylpyrrolidone, citrate, or polyethylene

Stabilizing  or agents
glycol) are often added to control particle
growth and prevent agglomeration (Ravindran
etal., 2013).

Advantages:

« Relatively straightforward and easy to
scale.
o Particle size and shape can be tuned by

varying reaction parameters.
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Disadvantages:

e Use of potentially hazardous
chemicals.

o Residues from stabilizers may affect

biocompatibility or subsequent
applications.
4.2.2 Microemulsion Technique
Microemulsion-based  synthesis  utilizes

surfactant-stabilized droplets as nanoreactors,
where silver ions and reducing agents react in
a constrained environment (Shenashen et al.,
2014). By fine-tuning the composition and
temperature of the microemulsion, one can
achieve size

relatively narrow particle

distributions.
Advantages:

o Excellent control over particle size and
distribution.
o Potential for continuous production

using flow-based setups.

Disadvantages:

e Requires careful  handling  of
surfactants.
o Surfactant removal or purification

steps may be needed.

4.2.3 Polyol Method
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The polyol process involves dissolving a
silver precursor (e.g., silver nitrate) in a polyol
solvent (e.g., ethylene glycol) at elevated
temperatures (Chen et al., 2009). The polyol
acts as both solvent and reducing agent. This
method can yield well-defined shapes such as
nanocubes, nanowires, and nanoprisms (Raza
etal., 2016).

Advantages:

e Good control of size and shape.
o Relatively pure final products due to

fewer additives.

Disadvantages:

e Requires high temperatures, increasing
energy consumption.
e Some polyols may be toxic or require

careful handling.

4.3 Biological (Green) Synthesis

Green  synthesis  leverages  biological
entities—plants, algae, fungi, or bacteria—to
reduce silver ions into metallic nanoparticles
(Haque et al., 2021; Terra et al., 2019). This
approach is considered more environmentally
friendly, as it avoids toxic solvents and harsh
extracts rich in

chemicals. Plant

phytochemicals (e.g., phenolics, flavonoids)
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can act as both reducing and stabilizing agents
(Dhaka et al., 2023).

Advantages:

o Eco-friendly, reducing the use of toxic
chemicals.

o Often
nanoparticles with reduced toxicity
(Dhaka et al., 2023).

yields biocompatible

Disadvantages:

e Reaction conditions may be less
controllable than chemical methods.
o Batch-to-batch variability due to

variations in biological extracts.

4.4 Factors Influencing AgNP Synthesis

1. Concentration of Reactants: Higher
reactant concentrations can facilitate
increased nucleation rates, typically
yielding smaller nanoparticles (Igbal et
al., 2012).

2. Temperature: Higher temperatures
can enhance reaction rates, leading to
smaller sizes but potentially broader
size distributions (Abid et al., 2022).

3. pH: pH influences the charge state of
the stabilizing agents and the reducing
potential of the reducing agents, thus

final

affecting  the nanoparticle
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morphology (Qiao, Yao, Song, Yin, &
Luo, 2019).

4. Reaction Time: Prolonged reaction
times can lead to particle growth and
sometimes agglomeration, depending
on the reaction mechanism (Ravindran
etal., 2013).

5. Stirring Rate: Aggressive mixing can
break down aggregates, but too much
agitation may introduce defects in
crystal structure (Shenashen et al.,
2014).

The chosen synthesis route and the fine-tuning
of these factors directly impact the yield,
shape, size, and stability of the resulting silver
nanoparticles (Zhang et al., 2016). A thorough
understanding of these parameters allows
researchers to tailor nanoparticle properties for
specific  applications,

ensuring  optimal

performance.

5. Characterization Techniques

Characterization is crucial for confirming the
successful synthesis of silver nanoparticles
and for determining their morphology, particle
size distribution, surface chemistry, and
overall quality. Each characterization method
offers unique insights, helping researchers
establish

structure-property  relationships
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essential for targeted applications (Zhang et
al., 2016).

5.1 Spectroscopic Techniques

5.1.1 UV-Vis Spectroscopy

UV-Vis spectroscopy is often the first-line
method for characterizing silver nanoparticles
due to their distinct surface plasmon
resonance (SPR) peaks typically observed
between 380 nm and 450 nm (Amirjani,
Koochak, & Haghshenas, 2019). Shifts in the
SPR peak can provide information about
particle size, morphology, and the degree of
agglomeration (Mlalila, Swai, Hilonga, &

Kadam, 2016).

e Advantages: Rapid, easy, and non-
destructive.
o Limitation: Offers only approximate

information on size and shape.

512
Spectroscopy (FTIR)

Fourier-Transform Infrared

FTIR is used to identify functional groups on
the nanoparticle surface, especially when

stabilizers are
2013). By

analyzing the absorption bands, one can

biological or polymeric

employed (Ravindran et al.,

determine the nature of capping agents or any

surface modifications.
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e Advantages: Useful for chemical
fingerprinting.

e Limitation: Limited to molecular
vibrations; cannot reveal structural
morphology.

5.1.3 Raman Spectroscopy and Surface-
Enhanced Raman Scattering (SERS)

Silver nanoparticles can enhance the Raman
signals of molecules adsorbed onto their
surface, a phenomenon known as SERS (Fan
& Brolo, 2009). This makes them powerful
substrates for trace-level detection of
biomolecules or environmental contaminants

(Krishna, Unsworth, & Edge, 2016).

e Advantages: Highly sensitive

detection down to single-molecule

level (McFarland & Van Duyne,
2003).

e Limitation: Requires careful

nanoparticle arrangement to achieve

uniform enhancement.

5.2 Electron Microscopy

5.2.1 Transmission Electron Microscopy
(TEM)

TEM provides detailed images of nanoparticle
morphology, size distribution, and crystalline
structure. High-resolution TEM (HR-TEM)
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can even reveal lattice fringes, offering
insights into crystallinity and defect structures

(Chen et al., 2009).

o Advantages: High-resolution imaging
at atomic scale.

« Limitation: Sample preparation can be

time-

elaborate, and imaging is

consuming.

5.2.2 Scanning Electron Microscopy (SEM)

SEM gives topographical images of the

nanoparticle surface, making it ideal for
analyzing shape and surface texture (Zhang et
al.,, 2022). SEM is often complemented by
energy-dispersive X-ray spectroscopy (EDX)

to confirm elemental composition.

o Advantages:  Visualizes  surface
features and morphology in detail.
resolution than

e Limitation: Lower

TEM for internal structure analysis.

5.3 X-ray Diffraction (XRD)

XRD is employed to confirm the crystalline
structure of silver nanoparticles. Characteristic
diffraction peaks corresponding to the (111),
(200), (220), and (311) planes of face-centered
cubic (fcc) silver appear in the XRD pattern
(Galatage et al., 2021).
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o Advantages: Reliable identification of
crystalline phases.
o Limitation: Requires well-structured

crystalline materials for clear peaks.

5.4 Dynamic Light Scattering (DLYS)

DLS measures the hydrodynamic diameter of

nanoparticles in suspension. It provides
average size and polydispersity index, crucial
for applications that require stable colloids

(Shenashen et al., 2014).

e Advantages: Quick, effective for
liquid dispersions.

o Limitation: Sensitive to aggregates;
may not accurately resolve multi-

modal distributions.

5.5 Zeta Potential Measurement

Zeta potential quantifies the surface charge of
nanoparticles, influencing colloidal stability,
cellular uptake, and toxicity (Fréhlich, 2012).
High absolute zeta potential values (either
positive or negative) generally indicate stable

suspensions due to electrostatic repulsion.

e Advantages: Key parameter for
predicting colloidal stability.

o Limitation: Does not differentiate

between specific ionic species on the

nanoparticle surface.
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5.6 Thermal Analysis

Techniques like thermogravimetric analysis
(TGA) and differential scanning calorimetry
(DSC)

transitions, and decomposition temperatures of

assess thermal stability, phase

nanoparticles and their capping layers
(Balantrapu & Goia, 2009).
o Advantages: Determines

decomposition and oxidation behavior.
o Limitation: Does not provide direct

morphological or structural data.

By combining these diverse analytical
methods, researchers can build a robust data
set describing silver nanoparticles in detail,
ensuring that the material is well-suited for its
intended application. Each characterization
technique contributes unique insights, forming
a comprehensive understanding of

nanoparticle features.

6. Key Properties of Silver Nanoparticles

Silver nanoparticles exhibit a suite of physical,

chemical, and biological properties that
distinguish them from bulk silver and other
nanoscale materials (Eker et al., 2024). These
properties underpin their utility in various
inform  their

applications and  also

toxicological profiles.
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6.1 Size and Shape Dependence

Both the size and shape of silver nanoparticles
have profound implications for their optical,
catalytic, and antimicrobial properties (Cheon
et al., 2019; Raza et al., 2016). Spherical, rod-
shaped, triangular, and multi-branched
nanoparticles each have distinct surface areas,

active sites, and light-scattering behaviors:

1. Optical Properties: The localized surface
plasmon resonance (LSPR) peak shifts
based on nanoparticle dimensions and
geometry. For instance, rods and triangular
plates exhibit multiple plasmon bands (Lee
& El-Sayed, 2006).

2. Catalytic

Efficiency: Different

crystallographic  facets have varying
surface energies and catalytic activities.
For example, {111} facets often exhibit
high catalytic performance (Xu, Wang,
Zhang, & Li, 2006).

3. Antimicrobial Action: Smaller

nanoparticles typically exhibit stronger

antimicrobial effects due to increased
surface area-to-volume ratios and more
rapid ion release (Pal et al., 2007).

4. Skin Penetration: Studies have suggested
that shape may influence the depth of skin
penetration, raising safety concerns for
consumer

(Tak et al., 2015).

products containing AgNPs
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6.2 Surface Charge

Surface charge plays a pivotal role in the
stability of colloidal silver nanoparticles, as
well as in their interactions with biological
systems (Frohlich, 2012). Positively charged
AgNPs can adhere strongly to negatively
charged cell membranes, facilitating cellular
internalization (Qiao et al., 2019). Conversely,
negatively charged or neutral nanoparticles
may exhibit reduced non-specific interactions
but can show enhanced stability in various
media (Abbaszadegan et al., 2015).

6.3 Electrical Conductivity

Silver’s high electrical conductivity translates
into promising applications for AgNPs in
printed electronics, conductive inks, and
flexible displays (Zhang et al., 2022; Alshehri
et al., 2012). Factors such as nanoparticle size,
shape, and sintering temperature strongly
influence the final conductivity (Allen et al.,

2008).

6.4 Thermal Conductivity

AgNPs have substantial thermal conductivity,

making them attractive for thermal
management systems in electronic devices and
energy technologies (Zhou et al., 2018).
Incorporation of AgNPs into polymer matrices

can dramatically enhance overall thermal
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conductivity, mitigating hot spots and

improving device reliability (Li et al., 2021).

6.5 Plasmonic Properties

The strong plasmonic properties of AgNPs are
central to their usefulness in chemical and
biological sensing, as well as in surface-
enhanced spectroscopies (Cobley et al., 2009).
By carefully size,

tuning shape, and

surrounding  environment, the plasmon
resonance can be shifted and enhanced for
specific sensing applications (Juma et al.,

2024; McFarland & Van Duyne, 2003).

Each of these properties can be purposefully
manipulated through controlled synthesis and
surface functionalization, allowing researchers
to design silver nanoparticles with attributes
tailored to specific needs. Understanding these
properties also aids in evaluating the potential
health and environmental risks associated with
AgNPs.

7. Applications of Silver Nanoparticles

Owing to their diverse and tunable properties,

silver nanoparticles have found broad
applications across multiple sectors (Zhang et
al., 2016). This section offers an overview of
the most prominent applications, although

new and innovative uses continue to emerge.
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7.1 Biomedical and Healthcare

7.1.1 Antimicrobial Agents and Wound

Dressings

Perhaps the most well-known application of
AgNPs is their role as potent antimicrobial
agents in wound care products, coatings for
medical devices, and hospital surfaces to
reduce infection rates (Paladini & Pollini,
2019).

dressings already incorporate AgNPs for

Several commercialized wound

sustained antimicrobial activity.

o Mode of Action: Silver ions released
from AgNPs can disrupt bacterial cell
membranes, interfere with protein
function, and generate reactive oxygen
species (Kim et al., 2012).

o Advantages: Broad-spectrum efficacy,
lower risk of developing antibiotic
resistance.

o Limitations: Potential toxicity and

risk  of  systemic  absorption,
highlighting the need for carefully
designed formulations (Cho et al.,

2018).

7.1.2 Biosensing and Bioimaging

AgNPs are integral components in biosensors
for detecting pathogens, biomarkers, and

various analytes due to their strong plasmonic
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and electrical properties (Hoang et al., 2020).
In bioimaging, silver nanoparticles or their
conjugates serve as contrast agents that
improve visualization in techniques like
fluorescence and Raman imaging (Haque et

al., 2021).

e Advantages: High sensitivity and
rapid detection.

o Limitations: Stability and potential
interference

fluids.

in complex biological

7.1.3 Drug Delivery

Surface-functionalized AgNPs can deliver
therapeutic agents with improved efficacy and
reduced side effects (Haque et al., 2021). The
capping materials and size of the nanoparticles
can be engineered for targeted delivery,
especially in cancer therapy (Mustafa et al.,
2020).

e Advantages: Enhanced permeability
and retention effect in tumor tissues.

o Limitations: Concerns over long-term
toxicity and accumulation in non-

target tissues.

7.1.4 Dentistry

AgNPs dental

applications, including antimicrobial fillings,

have been explored for
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sealants, and coatings on implants (Bapat et
al.,, 2018). Their incorporation into dental
materials aims to reduce biofilm formation

and minimize the risk of secondary caries.

o Advantages: Minimization of bacterial
colonization on dental surfaces.
discoloration

o Limitations: Potential

and uncertain effects on oral

microbiota balance.

7.2 Energy Applications

7.2.1

Electronics

Conductive Inks and Printed

Silver nanoparticles are key to creating highly
conductive inks used in flexible electronics
and circuit boards (Zhang et al., 2022). Their
low sintering temperature allows printing on
temperature-sensitive substrates like paper and

polymers (Allen et al., 2008).

o Advantages: Cost-effective printing
processes and flexibility.
o Limitations: Oxidation over time and

cost of silver relative to other metals.

7.2.2 Thermal Energy Storage

Incorporating AgNPs
(PCMs)
enabling

into phase change

materials enhances thermal

conductivity, efficient  thermal
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management in various devices (Kalidasan et

al., 2023). The improved heat transfer can be

significant in solar power plants and
heating/cooling systems.
e Advantages: Enhanced thermal

conductivity and improved energy
storage efficiency.

o Limitations: Potential agglomeration
of nanoparticles over repeated thermal

cycles.

7.3 Environmental and Agricultural

Applications

Silver nanoparticles have shown promise in
water treatment, disinfection, and as catalysts
in waste remediation processes (Syafiuddin et
al., 2017). Recent work has also explored their
use in controlling agricultural
(Terraet al., 2019).

pathogens

e Advantages: Effective antimicrobial
activity against a range of pathogens.

o Limitations: Potential toxicity to non-
target organisms and the need for
sustainable synthesis.

7.4 Sensing and Detection

AgNPs serve as sensitive platforms for
detecting a wide range of analytes, from small

molecules like hormones and pesticides to
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metal ions and pathogenic organisms (Hoang
et al., 2020; Juma et al., 2024). Surface
plasmon resonance-based sensors can achieve
high selectivity and sensitivity (Lee & El-
Sayed, 2006).

e Advantages: Rapid, portable, and

often cost-effective compared to

laboratory-based analytical methods.

o Limitations: Sensor stability and
possible interference in  complex
media.

7.5 Catalysis

Silver nanoparticles can act as catalysts for
various organic reactions, including oxidation,
reduction, and coupling reactions (Xu et al.,
2006). The high surface area and the presence
of active facets can lower activation energies,

making reactions more efficient.

e Advantages: Enhanced reaction rates
and selectivity.
« Limitations: Deactivation and

leaching under  harsh  reaction

conditions.

Overall, AgNPs have garnered worldwide

attention  across  multiple  disciplines.

However, their expanding use necessitates a
deeper understanding of their interaction with
and environmental

biological systems to
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ensure that the benefits of their applications

outweigh the associated risks.

8. Toxicity and Safety Concerns

While
advantages across a range of applications,

silver nanoparticles offer clear

concerns persist regarding their toxicity and
& Gupta,

influencing

environmental
2023).
include size, shape, surface charge, dose, and

impact (Jaswal
Key factors toxicity
the presence of capping agents (Kim et al.,
2012).

8.1 Mechanisms of AgNP Toxicity

1. Generation of Reactive Oxygen
(ROS)

AgNPs can induce the formation of

Species

ROS, which can damage proteins,
lipids, and DNA (Pal et al., 2007).
Excessive ROS generation leads to
oxidative stress and inflammation,
which can adversely affect cell
viability (Cho et al., 2018).
Cell

The interaction of AgNPs with cellular

2. Disruption of Membrane
membranes, especially for positively

charged nanoparticles, can cause

leakage of cellular contents and

eventual cell death (Qiao et al., 2019).
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3. Protein Binding and Enzymatic
Inhibition
Silver ions can bind to thiol groups in
proteins, leading to enzyme
inactivation and disruption of critical
biochemical pathways (Haque et al.,
2021).

4. Nanoparticle Uptake and

Localization

AgNPs may enter cells via endocytosis

and localize in various intracellular

compartments, potentially interfering

(Frohlich,

with  cellular

2012).

processes

8.2 Factors Influencing Toxicity

1. Size: Smaller nanoparticles tend to
exhibit higher toxicity due to larger
surface area and easier cellular uptake
(Kim et al., 2012).

2. Shape:
shaped vs. spherical) may interact

Certain shapes (e.g., rod-

differently with cellular components
(Tak et al., 2015).

3. Surface Coating: Coatings can
modulate  zeta  potential, steric
hindrance, and protein  corona
formation, thus affecting toxicity

(Abbaszadegan et al., 2015).
4. Aggregates: Aggregation can reduce
area and

the effective surface
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reactivity, influencing toxicity profiles

(Prathna, Chandrasekaran, &
Mukherjee, 2011).
5. Dose and Exposure Pathway:

Inhalation, ingestion, dermal exposure,
or intravenous injection lead to varying
levels of bioavailability and toxicity
(Cho etal., 2018).

8.3 Environmental Impact

Silver nanoparticles released into the
environment—through wastewater discharge
or disposal of AgNP-containing products—
can accumulate in soil and water, potentially
harming beneficial microbial communities
(Syafiuddin et al., 2017). The transformation
of AgNPs into silver sulfide or other species
their

in natural environments can alter

mobility and toxicity (EI Badawy et al., 2011).

8.4 Regulatory and Safety Guidelines

Regulatory bodies like the U.S. Food and
Drug Administration (FDA) and the European
Chemicals Agency (ECHA) are gradually
formulating guidelines to assess the safety of
nanomaterials, including silver nanoparticles.
Standardized testing protocols for
cytotoxicity, genotoxicity, and ecotoxicity are
still evolving (Jaswal & Gupta, 2023). Safety

evaluations typically involve:
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e In vitro cell culture studies (e.g.,
measuring viability, oxidative stress).

e In vivo animal studies (e.g., rodents)
to assess biodistribution and organ
toxicity (Cho et al., 2018).

e Environmental impact assessments,
including microbial community shifts

and bioaccumulation studies.

8.5 Mitigation Strategies

1. Surface Modification: Using
biocompatible coatings (e.g.,
polyethylene glycol, chitosan) to

reduce toxicity and improve stability
(Liu et al., 2014; Kumar-Krishnan et
al., 2015).

2. Optimized Dosage: Employing the
lowest effective nanoparticle
concentration to minimize adverse
effects.

3. Green Synthesis: Leveraging eco-
friendly production methods to reduce
chemical residues (Dhaka et al., 2023).

4. Lifecycle Assessment: Evaluating the
environmental footprint from synthesis
to disposal, enabling responsible

design and usage (Syafiuddin et al.,

2017).

In sum, the toxicity and safety of silver

nanoparticles depend on a complex interplay
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of physicochemical properties and biological
factors. Continuous research is crucial for
developing standardized protocols that ensure
AgNP applications are both effective and safe

for human health and the environment.

9. Future Perspectives and Emerging

Trends

Silver nanoparticles continue to evolve as a
focal point of interdisciplinary research. While
their antimicrobial and plasmonic properties
have been extensively studied, novel
applications and improved understanding of

their biological interactions are on the horizon.

9.1 Advanced Functionalization

Emerging research focuses on multi-
functional nanoparticles that integrate silver
with other functionalities, such as magnetic
cores or semiconductor shells (Hoang et al.,
2020). These hybrids can offer synergistic
effects, broadening the scope of potential

applications.

9.2 Responsive Nanomaterials

Smart or “responsive” systems that alter their
properties (e.g., surface charge, ion release) in
response to environmental cues such as pH,
temperature, or light are being explored (Qiao

et al., 2019). This responsiveness can be
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leveraged for targeted drug delivery, site-
specific antimicrobial action, and advanced

sensing.

9.3 Biosafety and Biocompatibility

With increased scrutiny on nanoparticle
toxicity,  next-generation = AgNPs  may
incorporate safer coatings (e.g., peptides,

polysaccharides), or novel structures that

degrade into benign byproducts.
Standardization of safety assays and robust
regulatory frameworks will be paramount to
guide their responsible deployment (Jaswal &

Gupta, 2023).

9.4 Scale-Up and Commercialization

While laboratory-scale synthesis of AgNPs is

common, large-scale  production  faces
challenges such as cost, reproducibility, and
environmental impact.  Advances in
continuous flow synthesis, green chemistry
protocols, and recycling of silver resources
may accelerate commercialization (Syafiuddin

etal., 2017).

9.5 Integration with Emerging Technologies

Silver nanoparticles could play a major role in

supporting cutting-edge technologies:
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e 5G/6G  Communications:  High
conductivity inks and low-temperature
processing methods for flexible
electronics.

« Personalized Medicine:
Individualized antimicrobial

treatments or drug delivery systems
based on patient-specific biomarkers.
e Renewable Energy: Enhanced
thermal energy storage and improved
solar cell efficiencies through nano-
engineered coatings (Kalidasan et al.,

2023).

10. Conclusion

Silver nanoparticles have demonstrated
immense potential across a multitude of
disciplines, thanks to their unique optical,
electrical, thermal, and antimicrobial
properties. From biomedical applications—
such as wound dressings and targeted drug
delivery—to high-performance conductive
inks and advanced catalysts, AgNPs are
driving innovation (Paladini & Pollini, 2019;
Chen et al., 2009).

continues to

The spectrum of
opportunities expand as
researchers refine synthesis techniques to gain
precise control over size, shape, surface
chemistry, and colloidal stability (Ravindran

etal., 2013; Zhang et al., 2016).
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Yet, silver

nanoparticles are not without challenges.

like any advanced material,

Their toxicity and potential environmental
Impact necessitate continued research into safe
design, dosage, and disposal practices (Jaswal
& Gupta, 2023). The interplay of size, shape,
surface charge, and aggregation state can
significantly modulate toxicity, highlighting
the need for comprehensive risk assessment
protocols (Kim et al., 2012; Cho et al., 2018).
Regulatory frameworks worldwide are in the
early stages of addressing these concerns, and
future policy development will likely mandate
rigorous testing and labeling requirements for
AgNP-containing products (El Badawy et al.,
2011; Syafiuddin et al., 2017).

Looking ahead, the integration of silver
nanoparticles into emerging fields—ranging
electronics  to

from next-generation

personalized healthcare—holds substantial
promise. Green synthesis approaches, eco-
friendly formulations, and smart
functionalities will be key areas of focus to
ensure that AgNPs remain both beneficial and
sustainable (Dhaka et al., 2023; Hoang et al.,
2020). In tandem, deeper insights into their
mechanistic interactions with biological
systems and the environment will guide the
responsible development of this versatile

nanomaterial.
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Ultimately, the story of silver nanoparticles

encapsulates the broader narrative of
nanotechnology itself: a field brimming with
potential to address global challenges but
requiring diligent stewardship to minimize
risks. Collaboration among scientists, industry
stakeholders, and regulatory agencies will
ensure that silver nanoparticles continue to be
harnessed for innovations that serve society
while preserving health and environmental

well-being.
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