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ABSTRACT
Silver nanoparticles (AgNPs) have emerged as a cornerstone of nanopharmacy due to their unique physicochemical properties and broad-spectrum biological activities. The AgNP has a wide range of applications in pharmaceutical sciences, spanning advanced research, clinical translation, and academic integration. Research findings highlight the versatility of AgNPs as multi-functional drug delivery systems, capable of enhancing the bioavailability of anticoagulants, antibiotics, and chemotherapeutic agents while providing sustained release profiles. Their intrinsic antimicrobial properties make them highly effective against multidrug-resistant pathogens, including MRSA and MRSE, and offer new avenues for wound care and periodontitis treatment. Furthermore, in the Pharma field, undergraduate research programs demonstrate the synthesis of AgNPs using local natural products, bridging the gap between traditional medicine & modern nanotechnology. Despite these advances, considerable challenges still exist, particularly in terms of toxicity, regulatory frameworks, and the gap between laboratory success and clinical adoption. This review synthesises current findings to create a road map for future nano-pharmacy research and pedagogy.
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Level 1. Introduction
Silver nanoparticles (AgNPs), defined as silver particles ranging from 1 to 100 nanometers in diameter, represent a transformative technology in the pharmaceutical sciences1. Their high surface-area-to-volume ratio and size-dependent properties distinguish them from bulk silver, enabling novel applications in drug carrier design, diagnostic imaging, and pharmaceutical formulation2. In the current landscape of pharmaceutical research, AgNPs are being explored not only for their intrinsic biocidal activity but also as "smart" platforms for targeted therapy3.
The pharmaceutical industry and academic research centres are increasingly focused on overcoming the limitations of conventional therapies, such as drug resistance, poor bioavailability, and systemic toxicity4. Nanomedicine, and specifically the use of AgNPs, offers a potential solution by providing a platform for controlled release and site-specific delivery5. Moreover, the field "nanopharmacy" has provided a hands-on experience in cutting-edge research & formulation sciences6. This review evaluates the multifaceted role of AgNPs, from the molecular mechanisms of action to their implementation.
Level 2. Synthesis And Characterization Methods
The synthesis of silver nanoparticles has wider application in pharmaceuticals that mainly depends on efficacy & safety of SNPs, which influences particle size, shape & stability7. Physical, chemical, and biological (green) synthesis techniques are typically distinguished in research8. 
2.1 Green Synthesis
The eco-friendly character of green synthesis and the absence of toxic reducing agents have made it a dominant trend in pharmaceutical research9. This method utilizes biological entities such as plant extracts, fungi, or bacteria to reduce silver ions to metallic silver nanoparticles10.
· Plant Extracts: When AgNPs were prepared from plant extract, in this process, secondary metabolites such as polyphenols, tannins, and proteins act as both reducing agents and capping agents, the latter providing stability to the nanoparticles11. The use of fig extract, PVP, or silica shells as coatings has also been documented to modify the biological interaction and therapeutic outcome12.
· Microbial Synthesis: Researchers have also shown that AgNPs may be synthesised from pathogen culture filtrates such as Salmonella enterica, producing spherical particles ranging in size from 7 to 13 nm13. This "biological synthesis" results in particles appropriate for medication administration and antibacterial compositions14.
2.2 Characterization Techniques
Accurate characterization is essential to ensure the reproducibility and quality of pharmaceutical nanoformulations. Common techniques identified in the literature include
· UV-Vis Spectrophotometry: Used to confirm nanoparticle formation through the Surface Plasmon Resonance (SPR) peak15. For instance, yellow silver nanoparticles typically show a peak around 425 nm. The width of this peak, measured by Peak Width at Half Max (PWHM), provides insight into the uniformity of the particle size distribution; a PWHM of 100 or less indicates a fairly uniform distribution16.
· Electron Microscopy (SEM/TEM): Provides high-resolution imaging to determine the size and morphology of the particles17. TEM analysis of biologically synthesized AgNPs often reveals spherical, highly scattered structures18.
· Fourier-Transform Infrared Spectroscopy (FTIR): Identifies the functional groups (e.g., proteins or plant metabolites) involved in the capping and stabilization of the AgNPs19.
· Zeta Potential and DLS: Measures the surface charge and hydrodynamic diameter, which are critical for predicting the stability and biological interaction of the particles20.
· Thermogravimetric Analysis (TGA): Used to confirm AgNP stability and evaluate protein loss at different temperatures, ensuring the integrity of the capping layer21.
Level 3. Pharmaceutical Applications in Research
3.1 Drug Delivery Systems
AgNPs are increasingly utilized as nanoscale carriers to improve the therapeutic index of various drugs22. They can be engineered to load, stabilize, and modulate the release of both small-molecule drugs and large biological molecules23.
Anticoagulants: AgNPs loaded with phenindione (PID) have been shown to function as potent anticoagulants in research by Nikolova et al. (2023)24. The study discovered that PID-loaded AgNPs increased Prothrombin Time (PT) and Activated Partial Thromboplastin Time (APTT) by almost 1.5 times compared to normal levels, whereas free PID completely inhibited coagulation in the tested mice25. Density Functional Theory (DFT) computations revealed that galactose-loaded nanostructures are particularly suitable delivery platforms for PID26.
Antibiotics: Ciprofloxacin-loaded AgNPs, capped with alginate, have been developed to provide a sustained release profile27. These nanocomposites achieved 98% drug release over 750 minutes, following the Hixson–Crowell kinetic model, which suggests a gradual reduction in particle size as the drug is released28. The slow-release properties allow for a consistent therapeutic concentration while minimising toxicity to normal (3T3) cell lines29.
Gastrointestinal and Targeted Delivery: AgNPs have been adapted for inflammatory bowel disease (IBD) by delivering mebeverine precursors (MP)30. Galactose-assisted synthesis allowed for drug release efficiencies between 80% and 85%31. Similarly, AgNPs incorporated into gelatin have been used for the sustained release of atorvastatin calcium, extending the release duration from 24 hours to 72 hours32.
Anticancer Agents: AgNPs enhance the bioavailability of anticancer drugs like doxorubicin, gefitinib, and antisense oligonucleotides33. They facilitate targeted treatment by overcoming the limitations of conventional chemotherapy through controlled release mechanisms34. In vitro studies have shown significant cytotoxicity against HeLa (human cervical carcinoma) and MCF-7 (human breast adenocarcinoma) cancer cell lines, with IC50 values of 45.4 µg/ml and 5.6 µg/ml, respectively, when synthesized via Barringtonia acutangula extract35.
Antiviral and Specialized Therapy: AgNPs have been investigated for antiviral activity against COVID-19 by producing ROS that cause apoptosis and prevent viral contamination. They target antiviral drugs to the lungs to improve recovery and reduce systemic toxicity36.
3.2 Antimicrobial and Wound Care
The intrinsic antimicrobial activity of silver is well-documented, but its delivery via nanoparticles significantly enhances its efficacy against resistant strains.
Mechanisms of Action: AgNPs exert bactericidal effects through multiple pathways, including the generation of reactive oxygen species (ROS), disruption of the cell membrane, and interference with DNA replication37. Kumar et al. (2018) employed flow cytometry and confocal microscopy to confirm that green-synthesised AgNPs induce direct cell membrane damage in Pseudomonas aeruginosa and Staphylococcus aureus, rendering them suitable for treating infected wounds38.
Broad-Spectrum Efficacy: AgNPs have shown high activity against Methicillin-resistant Staphylococcus aureus (MRSA) and Methicillin-resistant Staphylococcus epidermidis (MRSE) by inducing oxidative stress39. They also exhibit antioxidant properties and antidiabetic effects by inhibiting alpha-amylase and alpha-glucosidase40.
Specialized Applications: In periodontitis treatment, AgNPs serve as delivery platforms for chlorhexidine (AgNPs-CHL) and metronidazole (AgNPs-PEG-MET)41. They exhibit antibacterial properties against bacteria and fungi, while also providing anti-inflammatory effects by decreasing pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α) and metalloproteinases (MMP-3, MMP-8). They are also explored for rhinosinusitis, acne, and plantar warts42.
3.3 Theranostics and Diagnostics
The field of theragnostic, integrating therapy and diagnosis into a single platform is a rapidly growing area of AgNP research.
Radioisotope Doping: Silver nanoparticles can be doped with radioisotopes like I-131. This creates a platform for tumor theranosis, where the particles provide guided drug delivery while simultaneously enabling imaging for diagnostic purposes. These platforms typically use particles smaller than 100 nm for efficient tumor targeting43.
Cellular Imaging: The physicochemical properties of AgNPs allow them to be used in cellular imaging experiments to monitor particle-cell interactions and the localization of bactericidal activity in real-time44.
Level 4. Applications in Academics and Pharmacy Education
Beyond high-level research, silver nanoparticles are playing an increasingly important role in pharmaceutical education, offering a tangible way for students to engage with modern science.
4.1 Undergraduate Research and Green Synthesis
Undergraduate research programs have successfully utilized AgNP synthesis as a pedagogical tool. 
Educational Value: Under the supervision of professors, students learned to translate natural products into therapeutic agents. Their research demonstrated that poha berry-derived AgNPs had effective antibacterial activity against E. coli and S. aureus45.
Scientific Communication: This student-led research was presented at state-wide biomedical symposia, providing future pharmacists with experience in clinical science applications and research dissemination. The research emphasized clean, non-toxic, and eco-friendly production methods, which are becoming central to pharmaceutical ethics46.
4.2 Curriculum Integration and Laboratory Pedagogy
Modern pharmacy curricula are beginning to incorporate nanomedicine through specialized electives and laboratory modules.
Specialized Courses: Courses such as "Special Topics in Pharmaceutical Sciences Research/Lab" allow students to explore more than 50 FDA-approved nanomedicines and participate in nanoparticle design47.
Laboratory Exercises: Educational modules developed for undergraduates focus on the "Creation, Characterization, and Catalysis" of nanoparticles. These exercises integrate chemistry and biology by having students synthesize yellow AgNPs and characterize them using visible-spectrum absorbance48.
Problem-Solving: Students apply their knowledge to address real-world issues like pathogen inhibition, helping them understand the practical challenges of drug delivery and formulation science49. These exercises often involve calculating the concentration of AgNP solutions and predicting the effect of particle size variance on absorbance peaks50.
Level 5. Comparative Analysis Of Findings
In this review literature reveals several comparative insights regarding the performance and mechanisms of AgNPs across different pharmaceutical domains.
Sustained vs. Immediate Release: Studies consistently show that AgNP incorporation significantly extends the release time of therapeutic agents. For example, atorvastatin calcium release was extended from 24 hours (free drug) to 72 hours (gelatin-AgNP composite)51. Similarly, ciprofloxacin achieved 98% release over a long duration (750 minutes) following the Hixson–Crowell model52.
Green vs. Chemical Synthesis: Green synthesis using plant extracts like Barringtonia acutangula or Aloe arborescens is preferred for pharmaceutical applications because it provides natural capping agents that enhance biocompatibility and biological activity (e.g., antioxidant effects) that are often absent in purely chemical synthesis53.
Multimodal Activity: Many studies highlight that AgNPs are not just carriers but active therapeutic agents themselves54. Phenindione-loaded AgNPs, for instance, combined anticoagulant and antimicrobial activities, providing a more comprehensive treatment approach than the drug alone55.
Level 6. Limitations And Challenges
Despite their potential, the pharmaceutical application of AgNPs faces several critical challenges that limit their clinical translation.
Toxicity and Safety: While AgNPs show efficacy against pathogens and cancer cells, their toxicity to healthy human cells remains a concern56. Preclinical evaluation routinely includes cytotoxicity assays against normal cell lines (e.g., 3T3 cells) to establish safety profiles. Metallic/ionic silver release and free radical generation, while effective against bacteria, can also damage host tissues57.
Regulatory Hurdles: The unique physicochemical properties of nanoparticles, such as size-dependent effects and surface reactivity, pose challenges for standard regulatory frameworks. There is a noted gap between academic proof-of-concept and the clinical translation required for FDA approval58.
Stability and Variance: Maintaining the stability of AgNPs in biological fluids is difficult. Furthermore, large variances in particle size can affect the uniformity of drug delivery and absorbance peaks, necessitating strict characterization protocols59.
Clinical Translation Gap: Reviews by Wang et al. and Dias et al. emphasize that despite numerous academic successes, clinical translation remains slow due to regulatory challenges and the complexity of large-scale manufacturing60.
Level 7. Future Directions And Gaps
Future research on the use of silver nanoparticles in the pharmaceutical sciences should focus on a number of important areas, according to the literature. Human clinical trials are desperately needed to confirm the safety and effectiveness of AgNPs, especially for theragnostic and systemic drug delivery. In order to guarantee uniform nanoparticle quality and therapeutic results across many universities and production batches, future research should concentrate on standardising plant-mediated synthesis. There is a gap in the broad adoption of nanomedicine throughout pharmacy curricula worldwide, despite the fact that some institutions have successfully incorporated it. The next generation of chemists can be better prepared for the terrain of contemporary therapeutics by increasing the number of research electives offered. For complicated disorders like COVID-19 or multidrug-resistant infections, further research into integrating imaging isotopes with numerous therapeutic payloads (such as antiviral and antibacterial) may result in extremely effective, personalised treatment platforms.
Level 8. Conclusion
Silver nanoparticles represent a versatile and powerful tool in the pharmaceutical sciences, offering significant advantages in drug delivery, antimicrobial therapy, and diagnostic imaging. The transition toward green synthesis methods has not only improved the safety and sustainability of these technologies but has also provided a unique gateway for students and researchers in academic settings to engage with nanotechnology. From the development of sustained-release anticoagulant formulations to undergraduate research on plant-based antibacterial agents, the applications of AgNPs are broad and impactful. However, addressing the remaining toxicological and regulatory challenges is essential to bridge the gap from laboratory research to clinical bedside application. As pharmacy education continues to evolve, the integration of nanomedicine will be vital in training future professionals to navigate and contribute to this innovative field.
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