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Abstract: Silver nanoparticles (AgNPs) have emerged as a promising tool in the field of drug delivery systems
due to their unique physicochemical properties, including high surface area, tunable size, and remarkable
antimicrobial activity. This review explores the synthesis methods, functionalization strategies, and
applications of AgNPs in drug delivery, while highlighting their potential advantages and addressing
challenges such as toxicity and biocompatibility. The integration of AgNPs into modern medicine holds
significant promise for revolutionizing therapeutic approaches, particularly in combating drug-resistant
infections and targeted drug delivery.
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1. INTRODUCTION

The advent of nanotechnology has opened new avenues in the development of advanced drug delivery
systems, revolutionizing therapeutic approaches across various medical fields. Among the plethora of
nanoparticles explored, silver nanoparticles (AgNPs) have gained exceptional attention due to their
multifaceted properties, particularly their potent antimicrobial effects and their versatility in drug delivery
applications (Bamal et al., 2021; K Karunakar et al., 2024; Rodrigues et al., 2024; Shayo et al., 2024). These
nanoparticles not only serve as carriers for a diverse array of therapeutics, such as antibiotics, anticancer
agents, and anti-inflammatory drugs, but also enhance the efficacy and targeting capabilities of these
treatments (Gomes et al., 2021; Jangid et al., 2024; K Karunakar et al., 2024; L. Xu et al., 2020). Additionally,
their ability to overcome challenges like drug resistance and provide site-specific delivery underscores their
potential to transform modern medicine (Barua & Buragohain, 2024; Jangid et al., 2024; Nandhini et al., 2024;
Rodrigues et al., 2024). This article delves deeper into the unique properties, synthesis methods, and wide-
ranging applications of AgNPs in drug delivery, while addressing critical challenges such as toxicity,
scalability, and regulatory hurdles.

2. PROPERTIES OF SILVER NANOPARTICLES

Silver nanoparticles (AgNPs) exhibit a range of remarkable properties that make them highly effective in drug
delivery systems. These properties are rooted in their nanoscale dimensions and unique surface chemistry,
which allow for enhanced interaction with biological environments.

2.1. Antimicrobial Activity

AgNPs possess intrinsic antimicrobial properties that stem from their ability to generate reactive oxygen
species (ROS) and release silver ions into their surroundings. These ions interact with microbial proteins,
enzymes, and nucleic acids, causing structural damage to cell membranes and disrupting essential biological
processes such as DNA replication and protein synthesis. The unique mechanism of action makes AgNPs
highly effective against a diverse array of pathogens, including multi-drug-resistant bacteria, viruses, and
fungi. Moreover, their broad-spectrum activity holds significant potential for applications in combating
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infections where conventional antibiotics have failed (Anees Ahmad et al., 2020; Duran et al., 2016; Kailasa
et al., 2019; Mondal et al., 2024; More et al., 2023).

2.2. Surface Modifiability

The surface of AgNPs can be easily functionalized with biomolecules such as proteins, peptides, and
polymers, providing unparalleled versatility in biomedical applications. This adaptability allows for the
attachment of therapeutic agents, enhancing drug loading capacity and ensuring precise targeting to diseased
tissues. Functionalization with specific ligands such as antibodies or small molecules can improve the
specificity of drug delivery, reducing off-target effects and enhancing therapeutic outcomes. Furthermore,
these modifications can help evade immune responses and increase the circulation time of AgNPs in the
bloodstream, making them highly efficient carriers for a variety of drugs (Eker et al., 2024; Li et al., 2019;
Vilela et al., 2017; Wu et al., 2008; Yenpech et al., 2019).

2.3. Size and Shape

The size and shape of AgNPs can be precisely controlled during synthesis, providing a crucial lever for
optimizing their functionality in drug delivery systems. Smaller nanoparticles possess a higher surface area-
to-volume ratio, which enhances drug loading capacity, facilitates faster cellular uptake, and improves
interaction with target cells. The ability to manipulate shape—producing structures such as spheres, rods, or
cubes—also influences their biological interactions, as certain shapes may exhibit higher cellular
internalization or unique pathways for interaction with biomolecules. Tailoring these parameters enables
researchers to achieve specific therapeutic objectives, such as improved efficacy in targeting cancer cells or
enhanced antimicrobial effects (Gonzalez et al., 2014; Gracia-Pinilla et al., 2008; Helmlinger et al., 2016;
Kiss et al., 2011; Mukherji et al., 2019).

2.4. Biocompatibility

When appropriately synthesized and coated, AgNPs demonstrate excellent biocompatibility, minimizing the
risk of toxicity to healthy tissues while ensuring optimal therapeutic performance. Coatings such as
polyethylene glycol (PEG), chitosan, or other biocompatible polymers stabilize the nanoparticles, enhancing
their dispersion in biological systems and reducing aggregation. These coatings also serve as a protective
barrier, preventing the release of excess silver ions that could lead to cytotoxicity. Moreover, functional
coatings can be engineered to interact specifically with target cells, further improving the safety and efficacy
of AgNP-based drug delivery systems (Alarcon et al., 2012; Baygar et al., 2019; Jadhav et al., 2018; Meran
et al., 2018; Rajan et al., 2015).

3. SYNTHESIS METHODS

The synthesis of silver nanoparticles (AgNPs) is a crucial step in determining their size, shape, stability, and
functionality. These parameters significantly influence their performance in drug delivery applications. The
synthesis methods can be broadly categorized into physical, chemical, and biological approaches.

3.1. Physical Methods

These methods, such as laser ablation, ball milling, and evaporation-condensation, involve the application
of physical forces or energy to create silver nanoparticles (AgNPs) with high purity and precise size
distribution. Laser ablation utilizes intense laser beams to vaporize silver targets, resulting in the formation
of nanoparticles in a controlled medium. Ball milling mechanically grinds silver into nanosized particles
under specific conditions, ensuring uniform size and structure. Evaporation-condensation techniques involve
heating silver to a gaseous state, followed by rapid cooling to form nanoparticles. While these methods
minimize contamination risks and provide high reproducibility, they are resource-intensive, often requiring
specialized equipment, significant energy input, and meticulous operational controls (Abbasi et al., 2014;
Gudikandula & Charya Maringanti, 2016; Zhang et al., 2016).

3.2. Chemical Methods

Chemical reduction of silver salts (e.g., silver nitrate) is the most commonly used technique due to its
simplicity, scalability, and ability to produce nanoparticles with controlled properties. This method involves
the use of reducing agents such as sodium borohydride, citrate, or ascorbic acid to convert silver ions into
metallic silver nanoparticles. Stabilizers, such as polymers or surfactants, are often added to prevent particle
aggregation and maintain colloidal stability. By adjusting reaction parameters like temperature, pH, and
reagent concentration, researchers can fine-tune the size, shape, and dispersion of AgNPs. The versatility of
this approach makes it ideal for creating nanoparticles tailored for specific biomedical applications,
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including drug delivery and antimicrobial therapies (Abou EI-Nour et al., 2010; Dawadi et al., 2021; Garcia-
Barrasa et al., 2011; Gudikandula & Charya Maringanti, 2016; Z. Khan et al., 2011).

3.3. Biological Methods

Green synthesis using plant extracts, microorganisms, or biomolecules is gaining traction as an eco-friendly
and cost-effective alternative. These methods harness the reducing power of natural agents such as
phytochemicals, enzymes, and metabolites to synthesize AgNPs, eliminating the need for hazardous
chemicals. For instance, plant extracts rich in flavonoids, phenolics, and alkaloids serve as both reducing
and capping agents, ensuring stable and biocompatible nanoparticles. Similarly, microorganisms like
bacteria and fungi produce extracellular enzymes that facilitate the reduction of silver ions. These
biologically synthesized AgNPs often exhibit enhanced biocompatibility and reduced cytotoxicity, making
them highly suitable for medical applications. Moreover, the process is inherently sustainable, leveraging
renewable resources and minimizing environmental impact (Gudikandula & Charya Maringanti, 2016;
Natsuki, 2015; Shanmuganathan et al., 2019; Vishwanath & Negi, 2021).

4. FUNCTIONALIZATION STRATEGIES

Functionalization of silver nanoparticles (AgNPs) is a critical step in optimizing their performance for drug
delivery applications. By modifying the surface of AgNPs with specific biomolecules or polymers, their
interaction with biological systems can be finely tuned to enhance therapeutic efficacy and reduce side
effects.

4.1. Targeted Delivery

The conjugation of targeting ligands such as antibodies, peptides, or aptamers onto the surface of AgNPs
enables precise delivery of therapeutic agents to specific cells or tissues. These ligands recognize and bind
to specific receptors overexpressed on target cells, such as cancer or infected cells, ensuring high specificity.
For instance, tumor-targeting ligands like folic acid or HER2 antibodies can direct the nanoparticles to
cancer cells with minimal interaction with healthy tissues, thereby reducing systemic side effects.
Additionally, this targeted approach enhances the concentration of therapeutic agents at the desired site,
improving therapeutic outcomes and potentially lowering the required drug dosage (Alavi et al., 2022;
Bahrami et al., 2020; Montalvo-Quiros et al., 2019; Pala et al., 2019; Ravindran et al., 2013).

4.2. Controlled Release

Functionalized AgNPs can be engineered to respond to specific stimuli, such as pH, temperature, or
enzymatic activity, allowing for precise and on-demand drug release at the site of action. For example, in
acidic tumor microenvironments, pH-sensitive coatings on AgNPs can trigger the release of therapeutic
agents specifically in cancerous tissues. Similarly, temperature-responsive polymers can facilitate drug
release in areas of localized hyperthermia, while enzyme-sensitive modifications enable targeted delivery in
sites with high enzymatic activity, such as inflamed or infected tissues. This smart release mechanism not
only minimizes premature drug release but also ensures maximum drug efficacy with reduced systemic side
effects (GhavamiNejad et al., 2015; Menichetti et al., 2023; Prasher et al., 2020; Ravindran et al., 2013; Z.
Xu et al., 2021).

4.3. Improved Stability

Surface modification with stabilizing agents such as polyethylene glycol (PEG), surfactants, or biopolymers
plays a pivotal role in enhancing the colloidal stability of AgNPs in physiological environments. PEGylation,
for example, not only prevents aggregation but also provides a hydrophilic shield that prolongs circulation
time in the bloodstream by reducing protein adsorption and immune recognition. Surfactants like Tween or
Pluronic further improve dispersion and compatibility in biological systems. Biopolymers, such as chitosan
or alginate, add an extra layer of biocompatibility and may facilitate interaction with specific cell types.
These stabilization strategies ensure that AGQNPs maintain their functional integrity, enabling consistent and
reliable delivery of therapeutic payloads to target sites (F. Ahmad et al., 2022; Hoang et al., 2020; Kang et
al., 2019; Menichetti et al., 2023; Pedroso-Santana & Fleitas-Salazar, 2023).

4.4. Multifunctionality

Combining different functionalization strategies enables AgNPs to perform multiple roles, significantly
advancing their utility in biomedical applications. For instance, in theranostics, AGNPs can be functionalized
with imaging agents and therapeutic molecules simultaneously, allowing for real-time tracking of drug
delivery while executing targeted therapy. Moreover, AgNPs can be designed for the co-delivery of
synergistic agents, such as chemotherapeutic drugs and RNA-based therapeutics, to achieve enhanced
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therapeutic outcomes. This dual or multi-functional capability not only improves treatment precision but
also reduces the complexity of administering multiple therapies separately, paving the way for more
integrated and effective approaches in disease management (Allawadhi et al., 2021; Elsayed et al., 2021;
Song et al., 2022; Subbiah et al., 2010; Zhou et al., 2014).

Through these advanced functionalization techniques, AgNPs can be tailored to meet the specific demands
of diverse therapeutic applications, significantly enhancing their potential as drug delivery systems.

5. APPLICATIONS IN DRUG DELIVERY

The applications of silver nanoparticles (AgNPs) in drug delivery have opened new paradigms in medical
science, leveraging their unique properties for precision and efficacy.

5.1. Antimicrobial Therapy

AgNPs demonstrate remarkable potential in combating resistant microbial strains. By attaching to and
disrupting microbial membranes, AgNPs compromise the integrity of the cell wall, leading to leakage of
essential cellular contents. Furthermore, they interfere with critical metabolic pathways, such as energy
production and enzyme activity, by binding to key biomolecules like proteins and DNA. This multifaceted
attack enhances the efficacy of traditional antibiotics, creating a synergistic effect that not only reduces the
required antibiotic dosage but also mitigates the risk of resistance development. This dual mechanism offers
a robust and adaptable solution for treating drug-resistant infections, particularly in scenarios where
conventional therapies fail (Paladini & Pollini, 2019; Pinto et al., 2017; Prasher et al., 2018; Steckiewicz et
al., 2022).

5.2. Cancer Treatment

In oncology, functionalized AgNPs provide a powerful platform for targeted drug delivery. By conjugating
ligands specific to tumor markers, such as folic acid or monoclonal antibodies, AgNPs ensure selective
accumulation of chemotherapeutic agents in cancerous tissues. This selective targeting reduces off-target
effects and minimizes systemic toxicity, which is a common limitation of conventional chemotherapy.
Moreover, AgNPs can be engineered to incorporate stimuli-responsive features, such as pH-sensitive
coatings, ensuring drug release is triggered specifically in the acidic tumor microenvironment. This precise
delivery mechanism not only enhances the therapeutic efficacy of anticancer drugs but also improves patient
compliance by reducing adverse side effects and treatment-related discomfort. AgNPs also hold potential in
facilitating combination therapies, such as co-delivering chemotherapeutics and immunomaodulators, further
amplifying their utility in advanced cancer treatments (Azadpour et al., 2022; Gomes et al., 2021; Gul et al.,
2021; Hussein & Abdullah, 2022; Miranda et al., 2022).

5.3. Wound Healing

The incorporation of AgNPs into wound dressings and hydrogels accelerates the healing process by
providing a multifaceted approach to wound care. Their potent antimicrobial properties effectively prevent
infections by targeting and neutralizing pathogenic microorganisms, including drug-resistant strains.
Additionally, AgNPs modulate cellular responses by promoting the proliferation and migration of
keratinocytes and fibroblasts, essential for tissue repair and regeneration. These nanoparticles also exhibit
anti-inflammatory effects, reducing excessive inflammation that can impede the healing process. The dual
benefits of infection control and enhanced tissue regeneration make AgNP-based wound care products
indispensable in managing chronic wounds, such as diabetic ulcers, and ensuring faster recovery in post-
surgical care scenarios (Hajialyani et al., 2018; Pachuau, 2015; Paladini & Pollini, 2019; Rath et al., 2016;
Tian et al., 2007).

5.4. Anti-inflammatory Applications

AgNPs serve as effective carriers for anti-inflammatory drugs, enabling localized delivery to inflamed
tissues and providing a dual approach to managing inflammation. This targeted drug delivery minimizes
systemic exposure, thereby reducing potential side effects such as gastrointestinal disturbances or organ
toxicity that are commonly associated with conventional anti-inflammatory therapies. Additionally, the
nanoparticles exhibit intrinsic anti-inflammatory properties, such as scavenging reactive oxygen species
(ROS) and modulating pro-inflammatory cytokine production, which further enhance their therapeutic
efficacy. These combined features improve patient outcomes by ensuring effective inflammation control
while maintaining the integrity of surrounding healthy tissues (Liu et al., 2014; Moldovan et al., 2017; Siczek
etal., 2017; Sirry et al., 2020; Wong et al., 2009).
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The versatility of AgNPs in these applications underscores their transformative potential in modern
medicine, driving advancements in therapeutic efficacy and patient care.

6. CHALLENGES

Silver nanoparticles (AgNPs) hold immense promise in drug delivery, but several obstacles must be
addressed to fully realize their potential.

6.1. Toxicity Concerns

AgNPs can exhibit cytotoxic effects on healthy cells due to the uncontrolled release of silver ions and the
generation of reactive oxygen species (ROS). These effects can lead to oxidative stress, mitochondrial
dysfunction, and eventual apoptosis or necrosis of healthy cells. Additionally, prolonged exposure to AgNPs
may cause bioaccumulation and adverse effects in vital organs such as the liver, kidneys, and lungs.
Therefore, ensuring biocompatibility through careful control of nanoparticle size, coating materials, and
dosage is a critical focus of ongoing research. Advanced techniques such as functionalization with
biocompatible polymers or the incorporation of antioxidant agents are being explored to mitigate these
toxicity risks while maintaining therapeutic efficacy (Dos Santos et al., 2014; Marin et al., 2015; Roy et al.,
2013; Stensberg et al., 2011; Syafiuddin et al., 2017).

6.2. Regulatory Challenges

The lack of standardized protocols for the synthesis, characterization, and quality control of AgNPs
complicates regulatory approval processes, creating significant barriers to their clinical translation.
Regulatory agencies face challenges in assessing the safety, efficacy, and reproducibility of AgNPs due to
the absence of uniform guidelines for their evaluation. Differences in nanoparticle size, shape, coating
materials, and manufacturing processes further complicate the establishment of standardized benchmarks.
Comprehensive and globally harmonized guidelines are urgently needed to streamline regulatory pathways,
ensure consistent quality control, and facilitate faster approval processes for therapeutic applications.
Collaborative efforts among researchers, industry stakeholders, and regulatory bodies will be essential to
address these challenges effectively (Calderon-Jiménez et al., 2017; Dos Santos et al., 2014; Faunce &
Watal, 2010; Schneider, 2017; Sood & Chopra, 2018; Stensberg et al., 2011).

6.3. Scalability and Cost-Effectiveness

Scaling up the production of AgNPs while maintaining consistent quality and properties remains a
challenging endeavor. Current large-scale synthesis techniques are often resource-intensive, requiring
substantial energy, high-purity materials, and specialized equipment to ensure uniformity in size, shape, and
stability. Additionally, these processes must address potential batch-to-batch variations that could impact
the therapeutic efficacy and safety of the nanoparticles. Innovative approaches such as continuous-flow
synthesis, automation, and green chemistry principles are being explored to enhance scalability while
reducing costs. By integrating these advancements, it may become feasible to produce high-quality AgNPs
at an industrial scale without compromising their functional attributes, paving the way for widespread
clinical and commercial application (Abbasi et al., 2014; Almatroudi, 2024; Astaneh & Fereydouni, 2024;
Kaabipour & Hemmati, 2021; F. Khan et al., 2023).

7. FUTURE PERSPECTIVES
7.1. Advanced Functionalization

Developing innovative strategies for surface modification of AgNPs includes conjugating with targeting
ligands like antibodies or aptamers to improve specificity toward diseased tissues. These modifications can
significantly reduce off-target effects by ensuring precise binding to target cells, such as cancer or infected
cells, thereby improving the therapeutic index. Moreover, incorporating biocompatible polymers like PEG
or functional biomolecules such as peptides not only minimizes cytotoxicity but also enhances circulation
time and biodistribution. These advanced surface engineering approaches are pivotal in addressing current
limitations and unlocking the full therapeutic potential of AgNPs in drug delivery systems (Hussain et al.,
2019; Londhe et al., 2023; Menichetti et al., 2023; Prasher et al., 2020; Ravindran et al., 2013).

7.2. Comprehensive In Vivo Studies

Detailed pharmacokinetic studies are essential for understanding the absorption, distribution, metabolism,
and excretion (ADME) of silver nanoparticles in the body. Biodistribution analyses provide insights into the
accumulation and localization of these nanoparticles in various organs and tissues, which is critical for
evaluating their therapeutic efficacy and potential off-target effects. Long-term toxicity studies are necessary
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to assess chronic exposure risks, bioaccumulation tendencies, and possible long-term effects on organ
function and systemic health. These comprehensive evaluations collectively ensure that AgNP-based drug
delivery systems are both safe and effective for clinical use (Jangid et al., 2024; Londhe et al., 2023; Mao et
al., 2022; Marchioni et al., 2018; Rai et al., 2014; Stensberg et al., 2011).

7.3. Hybrid Nanomaterials

Hybrid nanomaterials are engineered by integrating silver nanoparticles (AgNPs) with other nanomaterials,
such as liposomes (fat-based vesicles often used to deliver drugs) or polymeric nanoparticles (biodegradable
carriers). This synergistic approach aims to amplify the benefits of each material. For example, AgNPs
provide antimicrobial properties, while liposomes or polymers may enhance drug encapsulation, prolong
circulation time, or enable targeted delivery. By combining these properties, hybrid nanomaterials can
improve drug stability, facilitate controlled release, and enhance targeting of diseased tissues. These
advanced designs help overcome limitations of individual nanomaterials, such as poor biocompatibility or
limited drug payloads, thus offering innovative solutions in drug delivery systems (Hussain et al., 2019;
Shalaby et al., 2022; Singh et al., 2024; Venkatesan et al., 2023).

7.4. Eco-Friendly Synthesis

Eco-friendly synthesis aims to minimize the environmental impact of nanoparticle production by using
sustainable methods and non-toxic materials. Conventional chemical synthesis methods often involve the
use of hazardous substances, which can be harmful to both the environment and human health. In contrast,
green chemistry approaches leverage renewable resources, such as plant extracts, microorganisms, or
biomolecules, to produce nanoparticles (Abdelghany et al., 2018; Hasan et al., 2022).

These methods not only reduce the reliance on toxic chemicals but also often enhance the biocompatibility
of the resulting nanoparticles, making them more suitable for medical applications. By prioritizing eco-
friendly synthesis, researchers can develop sustainable production methods that align with environmental
and regulatory standards while ensuring the nanoparticles remain effective and safe for use in drug delivery
systems.

7.5. Interdisciplinary Collaboration

Nanotechnology involves the synthesis, characterization, and functionalization of AgNPs. Experts in
nanotechnology develop the foundational materials and tools needed for tailoring nanoparticles for specific
medical applications, such as targeted drug delivery or antimicrobial treatments (A. Ahmad et al., 2024;
Fraceto et al., 2018).

Pharmacologists contribute by evaluating the therapeutic efficacy, pharmacokinetics (how the body absorbs,
distributes, metabolizes, and excretes the nanoparticles), and potential toxicological impacts. Their insights
are crucial in designing AgNP-based systems that are both effective and safe for clinical use (Ehsan et al.,
2023; Kaushik et al., 2023).

Regulatory frameworks ensure that the development, testing, and deployment of AgNP-based therapies meet
stringent safety and quality standards. Regulatory experts establish protocols for standardization, address
ethical considerations, and streamline the approval process, thereby facilitating the translation of laboratory
research into practical healthcare applications (Dos Santos et al., 2014; Moulahoum & Ghorbanizamani,
2024).

By fostering collaboration among these disciplines, it becomes possible to create a holistic approach that
addresses not only the scientific and medical challenges but also the legal, ethical, and logistical barriers to
bringing AgNPs into mainstream medicine. Such interdisciplinary efforts are critical to ensuring that these
innovative technologies can be effectively adopted in clinical settings.

The convergence of these efforts is essential for addressing existing limitations and unlocking the full
potential of AgNPs in drug delivery, paving the way for transformative advancements in medicine.

8. Conclusion

Silver nanoparticles represent a revolutionary frontier in drug delivery systems, offering innovative solutions
to longstanding challenges in medicine. Their unique properties, such as antimicrobial activity, surface
modifiability, and size tunability, have made them indispensable in developing advanced therapeutic
strategies. From combating antimicrobial resistance to enabling precise targeted drug delivery, AgNPs
showcase unmatched versatility and efficacy.
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However, the journey toward their widespread clinical adoption is not without hurdles. Addressing concerns
related to toxicity, scalability, and regulatory approval will require collaborative efforts spanning
nanotechnology, pharmacology, and regulatory sciences. Future advancements in green synthesis methods,
functionalization strategies, and comprehensive safety assessments are pivotal in harnessing their full
potential.

As research continues to bridge these gaps, silver nanoparticles stand poised to transform modern medicine,
paving the way for more effective, personalized, and sustainable healthcare solutions. Their integration into
clinical practice could herald a new era of innovation, redefining therapeutic paradigms and improving
patient outcomes across a broad spectrum of diseases.
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