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The review addresses the critical global health issue of antimicrobial resistance (AMR) 

and explores the potential of nanotechnology in developing effective antimicrobial 

strategies. In spite of the tremendous advancements in contemporary medicine and 

antimicrobial treatment, infectious illnesses produced by harmful bacteria continue to 

pose serious hazards to worldwide public health. Early in the 20th century, the discovery 

of antibiotics transformed medicine and significantly decreased the death rates linked to 

bacterial illnesses.  It examines the synthesis methodologies, physicochemical properties, 

and mechanisms of action of antimicrobial nanomaterials, noting the advantages of both 

top-down (e.g., laser ablation, lithography) and bottom-up (e.g., biological synthesis) 

approaches. The review emphasizes that nanoscale materials possess unique properties 

that enhance their effectiveness against resistant pathogens through various mechanisms 

such as membrane disruption and oxidative stress. Additionally, it highlights applications 

of these nanomaterials in drug delivery, gene therapy, biosensing, cancer detection, water 

treatment, and medical device coatings. 
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Introduction 

Despite tremendous advancements in contemporary medicine and antimicrobial 

treatment, infectious illnesses produced by harmful bacteria continue to pose 

serious hazards to worldwide public health. Early in the 20th century, the discovery 

of antibiotics transformed medicine and significantly decreased the death rates 

linked to bacterial illnesses [1]. However, antimicrobial resistance (AMR) in 

bacterial, fungal, and viral pathogens has unintentionally accelerated due to the 

widespread and frequently indiscriminate use of conventional antibiotics [2]. This 

phenomenon, which threatens to make many life-saving medical operations 

obsolete and may return humanity to a pre-antibiotic period, has become one of 

the most urgent concerns facing modern healthcare systems worldwide [3]. 
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According to estimates, drug-resistant infections could result in 10 million deaths per year by 2050 if 

treatment is not received [4]. The World Health Organization (WHO) has listed AMR as one of the top 

ten worldwide public health problems. Due to extended hospital stays, treatment failures, and higher death 

rates, AMR is estimated to have a tremendous economic impact, with healthcare expenses exceeding 

hundreds of billions of dollars worldwide [5]. Methicillin-resistant Staphylococcus aureus (MRSA), 

carbapenem-resistant Enterobacteriaceae (CRE), and multidrug-resistant Mycobacterium tuberculosis are 

among the pathogenic bacteria strains that are becoming more common in both healthcare and community 

settings [6]. The discovery of novel antimicrobial methods that can get around current resistance 

mechanisms and offer efficient therapeutic options is urgently needed in light of this concerning trend. 

The manipulation and engineering of matter at dimensions between 1 and 100 nanometers is 

known as nanotechnology, and it has become a ground-breaking scientific field with transformative 

promise in many areas, especially biomedicine and therapeutic development [7]. In his groundbreaking 

1959 lecture, "There's Plenty of Room at the Bottom," the visionary physicist Professor Richard Feynman 

laid the conceptual groundwork for nanotechnology by articulating the potential for manipulating 

individual atoms and molecules to create materials with previously unheard-of properties [8]. The scale 

at which these materials function is reflected in the name "nano," which is derived from the Greek word 

meaning "dwarf" or "extremely small." This is a domain where quantum mechanical effects become 

relevant and materials exhibit behaviors that are drastically different from their bulk counterparts [9]. 

The exceptionally high surface area-to-volume ratio of nanomaterials, which grows exponentially 

as particle size shrinks to the nanoscale, is the basic idea behind their distinctive behavior [10]. Because 

to this geometric feature, a much higher percentage of atoms are found at or close to the surface, which 

improves catalytic activity, reactivity, and electrical and optical properties [11]. These unique 

physicochemical characteristics set nanomaterials apart from traditional bulk materials and macroscale 

substances, such as quantum confinement effects, higher surface energy, increased chemical reactivity, 

and unusual optical and electronic behaviors [12, 13]. 

Nanotechnology has sparked the creation of novel therapeutic agents in the biomedical field that 

are superior to traditional medications in terms of efficacy, bioavailability, targeted specificity, and 

systemic toxicity [14]. The design of multifunctional platforms that may concurrently carry out diagnostic, 

therapeutic, and monitoring tasks is made possible by the capacity to precisely manipulate the size, shape, 

surface chemistry, and functional properties of nanomaterials—a notion known as "theranostics" [15]. 

These developments have made it possible to tackle medical issues that were previously unsolvable, such 

as cancer treatment, neurological conditions, heart problems, and most notably, antibiotic resistance [16]. 

By using methods that are essentially distinct from those of traditional antibiotics, antimicrobial 

nanoparticles provide a particularly promising use of nanotechnology in the fight against drug-resistant 

bacteria [17]. Nanomaterials exert their antimicrobial effects through multiple simultaneous mechanisms, 

which makes the development of resistance much more difficult than traditional antimicrobial agents, 

which usually target specific cellular processes (such as cell wall synthesis, protein synthesis, or nucleic 

acid replication) [18]. These mechanisms include direct contact-induced physical disruption of microbial 

cell membranes, production of reactive oxygen species (ROS) that cause oxidative stress and damage 

cellular components, release of antimicrobial metal ions, disruption of DNA replication and transcription, 

interference with cellular respiration and metabolism, and inhibition of biofilm formation [19, 20]. 

Compared to traditional antibiotics, the complex structure of nanoparticle-mediated antimicrobial 

action offers a number of tactical advantages. First, as bacteria would need to generate many concurrent 

alterations in order to live, the simultaneous engagement of multiple cellular targets lowers the likelihood 

of resistance development [21]. Second, biofilms—structured microbial populations contained in self-
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produced extracellular polymeric matrices that offer defense against traditional antimicrobials and human 

immunological responses—can be penetrated by nanomaterials through engineering [22]. Third, targeting 

ligands can be added to the surface of nanoparticles to minimize off-target effects and enable targeted 

distribution to infection locations [23]. Fourth, drug stability, pharmacokinetics, and controlled release 

patterns can all be improved by using nanomaterials as carriers for traditional antibiotics [24]. 

Two essentially different synthetic paradigms top-down and bottom-up approaches can be used to 

produce antimicrobial nanomaterials, each with special benefits and drawbacks [25]. Using mechanical, 

thermal, or optical methods, bulk materials are physically broken down into nanoscale particles in the top-

down approach, often known as the "destructive method" [26]. Mechanical milling and grinding, laser 

ablation, lithography, sputtering, and thermal evaporation-condensation procedures are examples of 

techniques [27]. Although top-down approaches can generate large amounts of nanomaterials and provide 

excellent control over particle size distribution, they usually require significant energy input, may 

introduce surface defects and structural imperfections, and frequently lack precise control over particle 

morphology and crystallinity [28]. 

The bottom-up strategy, sometimes known as the "constructive method," on the other hand, uses 

chemical or biological processes to assemble atoms, molecules, or molecular clusters into nanoscale 

structures [29]. Chemical reduction, sol-gel synthesis, chemical vapor deposition (CVD), hydrothermal 

and solvothermal techniques, electrochemical deposition, and biologically mediated synthesis employing 

microorganisms (bacteria, fungi, actinomycetes, yeasts) or plant extracts are all included in this strategy 

[30, 31]. The ability to create nanoparticles with few structural flaws, better control over particle size and 

shape, increased chemical composition uniformity, and the possibility of surface functionalization during 

synthesis are just a few of the clear benefits of the bottom-up approach [32]. The development of green 

synthesis techniques that use biological agents is especially noteworthy because they can create 

biocompatible nanoparticles appropriate for biomedical applications, reduce the production of hazardous 

waste, and provide environmentally safe substitutes for traditional chemical methods [33]. 

Objectives of This Review 

This thorough study attempts to provide an integrative analysis of current information about 

antimicrobial nanomaterials, given the crucial need of creating novel antimicrobial methods to address the 

worldwide AMR issue and the enormous promise of nanotechnology in this sector. The particular goals 

of this review are: 

1. To methodically investigate the basic ideas of nanotechnology and the special physicochemical 

characteristics that give nanoparticles their antibacterial activity 

2. To offer a thorough comparison of top-down and bottom-up synthesis strategies, encompassing 

traditional chemical processes and cutting-edge green synthesis methods 

3. To elucidate the diverse mechanisms through which nanomaterials exert antimicrobial effects 

against resistant pathogens 

4. To review the current state of applications of antimicrobial nanomaterials in biomedical contexts, 

including drug delivery, biosensing, medical device coatings, and water treatment 

5. To evaluate antimicrobial testing methodologies and discuss advantages and limitations of various 

screening protocols 

6. To identify challenges, knowledge gaps, and future research directions necessary for successful 

clinical translation of antimicrobial nanomaterials 

https://doi.org/10.21608/sasj.2025.465439


 

Spectrum Science Journal, 2025, 2(1), 53-65       of 65 

  
 

Spectrum Science Journal  DOI: 10.21608/sasj.2025.465439 
 

56 

56 

Nanotechnology 

Nanotechnology has become a groundbreaking area in several scientific fields, especially in biomedicine, 

by offering tools to create new therapeutic agents that are more effective and have lower toxicity. By 

manipulating materials at the nanoscale, it has made possible the development of treatments with 

improved efficacy and fewer side effects [34], Nanotechnology is a fast-evolving area of research with a 

wide range of applications across different scientific and technological domains. It involves the creation, 

use, and manipulation of materials at the nanoscale. The word "Nano" is derived from a Greek term 

meaning tiny or extremely small. In his well-known address, "There's Plenty of Room at the Bottom," 

physicist Professor Richard Feynman presented the concept of nanotechnology [35]. Research has been 

driven by the unique observable properties (chemical, physical, optical, etc.) of nanoparticles, which differ 

significantly from those of bulk materials [36,37]. These nanoparticles have a wide variety of applications, 

such as in analytical biological probes [38,39], reprography [40,41], optoelectronics [42,43], display 

devices [44, 45], photo catalysis [46], water treatment, and catalysis [47,48], Monitoring or analyzing 

conditions such as cancer cells or the development of carcinogenic cells [49,50]Antimicrobial agents or 

properties [51, 52], Drug delivery or drug-related applications [53], Gene delivery [54], biological sensors 

[55], and detecting environmentally harmful metals or chemicals [50,56]. 

 

Synthesis of Nanoparticles. 

Typically, two main approaches are used to produce nanoparticles: the "bottom-up" and "top-down" 

methods. The "top-down" approach involves reducing or mechanically grinding bulk materials into 

nanoscale particles [57]. In contrast, the "bottom-up" strategy focuses on assembling atoms and molecules 

at the nanoscale to create nanoparticles [54, 58]. 

▪ Top-Down Approach. The top-down synthesis method produces nanoparticles through a process of 

destruction. It begins by breaking down a large molecule into smaller pieces, which are then 

transformed into nanoparticles. This technique requires significant energy and extensive processing. 

However, its primary advantage lies in the ability to control and customize the size and shape of the 

nanoparticles [59]. This approach is demonstrated through methods such as laser ablation, 

evaporation-condensation, milling and grinding, spray pyrolysis, lithography, and other 

decomposition techniques [60]. A drawback of this technology is the potential for defects in the 

surface morphology of the nanoparticles, as their physical properties are heavily dependent on the 

surface structure [61]. 

▪ Bottom-up Approach. The bottom-up method, also known as the building-up approach, is the reverse 

of the top-down technique and involves assembling atoms and molecules to form various 

nanoparticles. Examples of this strategy include chemical reduction, sol-gel methods, chemical vapor 

deposition, pyrolysis, and the use of biological agents such as bacteria, fungi, algae, actinobacteria , 

yeast, viruses, and plants [62] In this process, nanoparticles are created chemically or biologically by 

organizing atoms and molecules at the nanoscale to produce nanoparticles [63]. A key advantage of 

the bottom-up approach is its ability to produce metallic nanoparticles with fewer defects and a more 

uniform chemical structure [64]. 
 

Antimicrobial Resistance and the Need for Novel Nanomaterials. 

Microbial infections remain one of the most significant health challenges worldwide, affecting 

millions of people and causing a wide range of diseases. Over the past decades, the misuse and overuse 

of antibiotics have led to the emergence of multidrug-resistant microorganisms, commonly known as 
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“superbugs”. These resistant strains pose a serious threat to public health, as they are often difficult to treat 

using conventional antibiotics.[65] 

Due to the growing resistance problem, there is an urgent need to develop alternative antimicrobial 

agents that are effective, safe, and environmentally friendly. In this context, nanotechnology has gained 

increasing attention, particularly the use of nanostructured materials with antimicrobial properties. These 

materials can interact with microbial cells in unique ways, leading to membrane disruption, oxidative 

stress, or interference with metabolic functions [66]. 

Among various materials, conductive polymers such as polyaniline (PANI) have emerged as 

promising antimicrobial candidates due to their ease of synthesis, chemical stability, and potential biocidal 

properties. Moreover, naturally derived materials such as fish bone, which contains hydroxyapatite and 

organic proteins, offer an eco-friendly source for developing novel bioactive materials [67]. 

Combining synthetic polymers with natural materials into nanocomposites can enhance their 

performance by integrating the advantages of both components. Such hybrid materials can offer 

multifunctional properties, making them suitable for a wide range of applications beyond antimicrobial 

use, including cancer treatment and environmental remediation. 

 

 

Figure 1. Nanomaterials have major potential for treating antibiotic-resistant 

bacterial infection [68]. 
 

Conductive Polymers: Focus on Polyaniline (PANI). 

Polyaniline (PANI) is one of the most widely studied conductive polymers due to its unique combination 

of electrical conductivity, environmental stability, and ease of synthesis. It exists in different oxidation 

states, and its conductivity can be controlled through doping, making it suitable for a variety of 

applications in electronics, sensors, and biomedical fields [69]. 

Polyaniline (PANI) is a well-known conductive polymer with excellent chemical stability, ease of 

synthesis, and tunable electrical properties. Recent studies have revealed its potential as an antimicrobial 

agent due to its ability to disrupt microbial membranes, generate reactive oxygen species (ROS), and 
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interfere with cellular processes. These properties, along with its biocompatibility and low cost, make 

PANI a promising candidate for biomedical and environmental applications [70]. 

The antimicrobial efficiency of PANI has been reported against a wide range of pathogens, 

including Gram-positive and Gram-negative bacteria, as well as some fungal species. These properties, 

combined with its biocompatibility and low toxicity, make PANI a promising material for developing new 

antimicrobial systems, especially when incorporated into composite or nanostructured forms [71]. 

 

Figure 2. Properties of polyaniline. 

 

Thermally Treated Cuttle Fish Bone (CB)as an Inorganic Bioactive Material 

Fish bone waste, when subjected to high-temperature calcination, undergoes significant structural and 

chemical transformation. At elevated temperatures (around 900°C), the organic components such as 

collagen and proteins are completely decomposed, resulting in an ash composed mainly of inorganic 

minerals including calcium oxide (CaO), magnesium oxide (MgO), carbonates, and other trace oxides. 

The calcined fish bone ash exhibits high surface area, porosity, and alkaline nature, which 

contribute to its biological activity and adsorption capabilities. Calcium and magnesium oxides, in 

particular, have been reported to possess antimicrobial properties due to their ability to generate reactive 

oxygen species (ROS), alter pH, and disrupt microbial cell walls. 

Moreover, the resulting material is eco-friendly, low-cost, and sustainable, making it attractive for 

incorporation into composite systems aimed at antimicrobial, anticancer, or environmental applications. 

When combined with polymers like polyaniline, it can contribute to the formation of multifunctional 

nanocomposites with enhanced properties compared to each component individually. 
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Nano Hybrid Composite of PANI and Cuttlefish Bone. 

Combining organic conductive polymers with inorganic bioactive materials can lead to the formation of 

hybrid nanocomposites with synergistic properties. In this study, a nanocomposite was prepared by 

integrating polyaniline (PANI) with thermally treated fish bone ash. The calcined bone material, rich in 

calcium, magnesium, and oxide-based components, provided a stable, porous matrix that enhanced the 

overall functionality of the composite. The resulting PANI/fish bone ash nanocomposite demonstrated 

improved antimicrobial activity compared to the individual components. This enhancement can be 

attributed to the combined effects of the conductive and oxidative properties of polyaniline and the 

bioactive mineral content of the fish bone ash, which together contribute to membrane disruption, ROS 

generation, and ion exchange with microbial cells. 

In addition to its antimicrobial efficiency, the nanocomposite also showed promising potential in 

other applications, including anticancer activity and water treatment, highlighting its multifunctional 

nature. These results indicate that the engineered nanocomposite can serve as a novel, cost-effective, and 

environmentally friendly material for a broad range of biomedical and environmental applications. 

2.1.7 Importance of Antimicrobial Materials in the Modern World. 

Increasing Threat of Infectious Diseases: With the rapid spread of infectious diseases and the emergence 

of antimicrobial resistance (AMR), the development of new antimicrobial agents has become crucial for 

public health [72]. 

• Emerging Technologies in Material Science: Nanotechnology has revolutionized material science by 

enabling the design of advanced materials with properties tailored for specific applications, including 

antimicrobial action. Nanomaterials can offer advantages like higher surface area, reactivity, and enhanced 

interactions with biological systems [73]. 

 
Figure 3. Potential antimicrobial applications of nanomaterials in different fields. 

Created with BioRender.com [74]. 
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The Role of Nanocomposites in Enhancing Material Properties. 

• Synergy of Components: Nanocomposites combine the best of both worlds by integrating inorganic 

minerals with organic polymers, resulting in enhanced mechanical, chemical, and biological properties. 

The presence of inorganic materials like hydroxyapatite or fish bone ash can improve mechanical strength, 

while organic polymers such as PANI contribute to electrical conductivity and biocidal activity.[75] 

• Potential for Multi-Functional Applications: Due to their combined features, nanocomposites can be 

engineered to address multiple challenges simultaneously, such as antimicrobial resistance, cancer 

treatment, and water purification, which are of major concern globally.[76] 

 

Limitations of Conventional Antimicrobials. 

• Narrow Spectrum & Side Effects: Most conventional antibiotics have a limited spectrum of 

activity and can lead to side effects, such as damaging beneficial microbiota or causing allergic 

reactions.[77] 

• Development of Resistance: Continuous and inappropriate use of antibiotics accelerates the 

development of resistant strains, reducing the effectiveness of treatment over time [78]. 

• Need for Smart Solutions: There is a need for “smart” antimicrobial materials that can pathogens 

without harming target a wide range of healthy tissues or the environment [79]. 

 

Mechanisms of Action of Antimicrobial Nanomaterials. 

Physical Disruption of Microbial Membranes: Many nanomaterials act by directly disrupting microbial 

cell walls or membranes, leading to leakage of cellular contents and cell death, Generation of Reactive 

Oxygen Species (ROS): Some materials can induce oxidative stress inside microbial cells, damaging 

DNA, proteins, and lipids, Ion Release and pH Change: Materials like CaO or MgO can alter the 

surrounding pH or release metal ions that are toxic to microbes [80]. 

 

Biomedical Potential of Hybrid Nanocomposites. 

• Targeted Drug Delivery: Polyaniline-based composites can be engineered to carry drugs or 

bioactive molecules, releasing them in response to specific stimuli (e.g., pH or temperature). 

• Cancer Therapy: Some conductive polymers can be used for photothermal or electrochemical 

cancer treatment due to their response to light or electric fields. 

• Bone Tissue Engineering: Calcined fish bone, being rich in calcium and phosphate, can support 

bone regeneration, making such composites useful in orthopedic implants or scaffolds [81]. 

 

Water Treatment Applications of Bio-Nanocomposites. 

• Removal of Microbial Contaminants: The antimicrobial nature of the composite allows it to kill 

bacteria present in polluted water sources [82]. 

• Adsorption of Heavy Metals and Dyes: The porous structure of the fish bone ash can adsorb 

pollutants like heavy metals, nitrates, or organic dyes [83]. 

• Eco-Friendly Filtration Materials: Using natural waste-derived materials helps in creating cost-

effective and sustainable filtration systems for clean water access [84]. 
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Applications of Nano Hybrid Materials. 

The synthesized nanocomposite has broad application potential: 

• Antimicrobial Action: Effective against both Gram-positive and Gram-negative bacteria, and 

possibly fungi, through multiple mechanisms including ROS production, ion exchange, and 

membrane disruption. 

• Cancer Treatment: Preliminary results suggest that the nanocomposite may interfere with cancer 

cell growth, opening new avenues for future research. 

• Water Treatment: The composite showed high adsorption capacity for pollutants and significant 

antimicrobial activity in water samples, suggesting its suitability for wastewater remediation. 

 

Role of Nanomaterials in Water Treatment. 

The use of nanomaterials in wastewater remediation is gaining traction due to their: 

• High Adsorption Capacity: The porous nature and high surface area of materials like calcined fish 

bone allow effective adsorption of dyes, heavy metals, and organic pollutants. 

• Antimicrobial Effect: Direct microbial inactivation in contaminated water helps prevent disease 

transmission. 

• Catalytic Properties: Some nanomaterials can act as catalysts in degradation of pollutants or 

conversion of toxic substances into less harmful forms. 

• Sustainability: Utilizing natural waste materials (like fish bone) aligns with green chemistry 

principles and supports circular economy initiatives. These properties position hybrid 

nanostructures as next-generation solutions for clean water access, especially in developing 

regions. 

Biomedical and Environmental Impact. 

The multi functionality of the synthesized nanocomposite allows it to be positioned at the intersection of 

two critical sectors: In Biomedical Fields: The composite’s antimicrobial and anticancer potential suggest 

future applications in wound healing, implant coatings, or localized cancer therapy. In Environmental 

Fields: The ability to adsorb pollutants and inactivate pathogens directly in water sources supports its 

application in sustainable water purification systems. Thus, such nanomaterials are not only scientifically 

innovative but also socially and environmentally relevant [85]. 
 

Future Perspectives of Hybrid Nano Systems. 

The rapid evolution of nanotechnology opens new doors for hybrid systems like yours: 

o Smart/Responsive Systems: Composites that respond to stimuli (pH, temperature, light) can be 

used in targeted therapy or real-time sensing. 

o Personalized Medicine: Materials can be engineered to suit specific diseases or patient needs. 

o Integrated Water Treatment Units: Embedding such nanocomposites into filters or membranes 

could lead to compact, efficient, and portable water purification systems. 

o Cross-Disciplinary Innovation: Combining insights from chemistry, biology, material science, 

and environmental engineering enhances the impact and creativity of such research. 
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Conclusion 

Nanotechnology-based antimicrobial agents represent a paradigm shift in addressing the global AMR 

crisis. The unique properties of nanomaterials, combined with advanced synthesis and functionalization 

strategies, offer unprecedented opportunities for developing next-generation antimicrobial therapeutics. 

However, comprehensive evaluation of long-term toxicity, environmental impact, and standardization of 

synthesis protocols remains essential for successful clinical translation. Future research should focus on 

optimizing synthesis methods, understanding nanoparticle-microbe interactions at the molecular level, and 

developing hybrid nanosystems with synergistic antimicrobial effects. 

 

References 
[1] Fleming, A. (2001). On the antibacterial action of cultures of a penicillium, with special reference to their use 

in the isolation of B. influenzae. Bulletin of the World Health Organization, 79, 780-790. 

[2] Unemo, M., Lahra, M. M., Cole, M., Galarza, P., Ndowa, F., Martin, I., & Wi, T. (2019). World Health 

Organization Global Gonococcal Antimicrobial Surveillance Program (WHO GASP): review of new data and 

evidence to inform international collaborative actions and research efforts. Sexual health, 16(5), 412-425. 

[3] O'Neill, J. (2016). Tackling drug-resistant infections globally: final report and recommendations. 

[4] Hamblion, E., Saad, N. J., Greene-Cramer, B., Awofisayo-Okuyelu, A., Selenic Minet, D., Smirnova, A., World 

Health Organization Public Health Intelligence teams. (2023). Global public health intelligence: World Health 

Organization operational practices. PLOS Global Public Health, 3(9), e0002359. 

[5] Staff, D. (2019). Stemming the superbug tide: just a few dollars more. 

[6] CDC, A. (2019). Antibiotic resistance threats in the United States. US Department of Health and Human 

Services: Washington, DC, USA, 1, 67-100. 

[7] Feynman, R. (2011). There's plenty of room at the bottom. Resonance: Journal of Science Education, 16(9). 

[8] Roco, M. C. (2003). Nanotechnology: convergence with modern biology and medicine. Current opinion in 

biotechnology, 14(3), 337-346. 

[9] Jeevanandam, J., Barhoum, A., Chan, Y. S., Dufresne, A., & Danquah, M. K. (2018). Review on nanoparticles 

and nanostructured materials: history, sources, toxicity and regulations. Beilstein journal of 

nanotechnology, 9(1), 1050-1074. 

[10] Roduner, E. (2006). Size matters: why nanomaterials are different. Chemical society reviews, 35(7), 583-592. 

[11] Goyal, R. K. (2017). Nanomaterials and nanocomposites: synthesis, properties, characterization techniques, 

and applications. CRC Press. 

[12] Khan, I., Saeed, K., & Khan, I. (2019). Nanoparticles: Properties, applications and toxicities. Arabian journal 

of chemistry, 12(7), 908-931. 

[13] Rao, C. N. R., Müller, A., & Cheetham, A. K. (Eds.). (2006). The chemistry of nanomaterials: synthesis, 

properties and applications. John Wiley & Sons. 

 [14] Shi, J., Kantoff, P. W., Wooster, R., & Farokhzad, O. C. (2017). Cancer nanomedicine: progress, challenges 

and opportunities. Nature reviews cancer, 17(1), 20-37. 

[15] Lim, E. K., Kim, T., Paik, S., Haam, S., Huh, Y. M., & Leec, K. (2021). Nanomaterials for theranostics: recent 

advances and future challenges. Nanomaterials and Neoplasms, 587-775. 

[16] Pelaz, B., Alexiou, C., Alvarez-Puebla, R. A., Alves, F., Andrews, A. M., Ashraf, S., & Parak, W. J. (2017). 

Diverse applications of nanomedicine. ACS nano, 11(3), 2313-2381. 

[17] Dizaj, S. M., Lotfipour, F., Barzegar-Jalali, M., Zarrintan, M. H., & Adibkia, K. (2014). Antimicrobial activity 

of the metals and metal oxide nanoparticles. Materials Science and Engineering:C,44,278-284. 

[18] Huh, A. J., & Kwon, Y. J. (2011). “Nanoantibiotics”: a new paradigm for treating infectious diseases using 

nanomaterials in the antibiotics resistant era. Journal of controlled release, 156(2), 128-145. 

[19] Lemire, J. A., Harrison, J. J., & Turner, R. J. (2013). Antimicrobial activity of metals: mechanisms, molecular 

targets and applications. Nature Reviews Microbiology, 11(6), 371-384. 

[20] Hajipour, M. J., Fromm, K. M., Ashkarran, A. A., de Aberasturi, D. J., de Larramendi, I. R., Rojo, T., 

Mahmoudi, M. (2012). Antibacterial properties of nanoparticles. Trends in biotechnology, 30(10), 499-511. 

[21] Zasloff, M. (2002). Antimicrobial peptides of multicellular organisms. nature, 415(6870), 389-395. 

https://doi.org/10.21608/sasj.2025.465439


 

Spectrum Science Journal, 2025, 2(1), 53-65       of 65 

  
 

Spectrum Science Journal  DOI: 10.21608/sasj.2025.465439 
 

63 

63 

[22] Bjarnsholt, T., Ciofu, O., Molin, S., Givskov, M., & Høiby, N. (2013). Applying insights from biofilm biology 

to drug development—can a new approach be developed? Nature reviews Drug discovery, 12(10), 791-808. 

[23] Gupta, A., Mumtaz, S., Li, C. H., Hussain, I., & Rotello, V. M. (2019). Combatting antibiotic-resistant bacteria 

using nanomaterials. Chemical Society Reviews, 48(2), 415-427. 

[24] Hasan, N., Cao, J., Lee, J., Hlaing, S. P., Oshi, M. A., Naeem, M., ... & Yoo, J. W. (2019). Bacteria-targeted 

clindamycin loaded polymeric nanoparticles: Effect of surface charge on nanoparticle adhesion to MRSA, 

antibacterial activity, and wound healing. Pharmaceutics, 11(5), 236. 

[25] Iravani, S., Korbekandi, H., Mirmohammadi, S. V., & Zolfaghari, B. (2014). Synthesis of silver nanoparticles: 

chemical, physical and biological methods. Research in pharmaceutical sciences, 9(6), 385-406. 

[26] Schaming, D., & Remita, H. (2015). Nanotechnology: from the ancient time to nowadays. Foundations of 

Chemistry, 17(3), 187-205. 

[27] Ealia, S. A. M., & Saravanakumar, M. P. (2017, November). A review on the classification, characterisation, 

synthesis of nanoparticles and their application. In IOP conference series: materials science and 

engineering (Vol. 263, No. 3, p. 032019). IOP Publishing. 

[28] Tiwari, J. N., Tiwari, R. N., & Kim, K. S. (2012). Zero-dimensional, one-dimensional, two-dimensional and 

three-dimensional nanostructured materials for advanced electrochemical energy devices. Progress in 

Materials Science, 57(4), 724-803. 

[29] Gleiter, H. (2000). Nanostructured materials: basic concepts and microstructure. Acta materialia, 48(1), 1-29. 

[30] Thakkar, K. N., Mhatre, S. S., & Parikh, R. Y. (2010). Biological synthesis of metallic 

nanoparticles. Nanomedicine: nanotechnology, biology and medicine, 6(2), 257-262. 

[31] Ovais, M., Khalil, A. T., Raza, A., Khan, M. A., Ahmad, I., Islam, N. U., ... & Shinwari, Z. K. (2016). Green 

synthesis of silver nanoparticles via plant extracts: beginning a new era in cancer 

theranostics. Nanomedicine, 11(23), 3157-3177. 

[32] Makarov, V. V., Love, A. J., Sinitsyna, O. V., Makarova, S. S., Yaminsky, I. V., Taliansky, M. E., & Kalinina, 

N. O. (2014). “Green” nanotechnologies: synthesis of metal nanoparticles using plants. Acta Naturae 

(англоязычная версия), 6(1 (20)), 35-44. 

[33] Mittal, A. K., Chisti, Y., & Banerjee, U. C. (2013). Synthesis of metallic nanoparticles using plant 

extracts. Biotechnology advances, 31(2), 346-356. 

[34] A. Haleem, M. Javaid, R. P. Singh, S. Rab, and R. Suman, “Applications of nanotechnology in medical field: 

a brief review,” Glob. Heal. J., vol. 7, no. 2, pp. 70–77, 2023, doi: 10.1016/j.glohj.2023.02.008. 

[35] R. P. Feynman, “There’s Plenty of Room at the Bottom: An Invitation to Enter a New Field of Physics*,” 

Handbook of Nanoscience, Engineering, and Technology: Third Edition. pp. 3–12, 2012. doi: 

10.1201/9781315217178-6. 

[36] M. Rai, A. Yadav, and A. Gade, “Silver nanoparticles as a new generation of antimicrobials,” Biotechnol. Adv., 

vol. 27, no. 1, pp. 76–83, 2009, doi: 10.1016/j.biotechadv.2008.09.002. 

[37] T. K. Sau and A. L. Rogach, “Nonspherical noble metal nanoparticles: Colloid-chemical synthesis and 

morphology control,” Adv. Mater., vol. 22, no. 16, pp. 1781–1804, 2010, doi: 10.1002/adma.200901271. 

[38] A. M. Brokowski C, “乳鼠心肌提取 HHS Public Access,” Physiol. Behav., vol. 176, no. 5, pp. 139–148, 2019, 

doi: 10.1021/acs.chemrev.5b00321.Nanoparticle. 

[39] C. M. Stawicki et al., “Modular fluorescent nanoparticle DNA probes for detection of peptides and proteins,” 

Sci. Rep., vol. 11, no. 1, pp. 1–15, 2021, doi: 10.1038/s41598-021-99084-4. 

[40] J. F. Hamilton and R. C. Baetzold, “Catalysis by small metal clusters,” Science (80-. )., vol. 205, no. 4412, pp. 

1213–1220, 1979, doi: 10.1126/science.205.4412.1213. 

[41] S. Kumari, N. Tehri, A. Gahlaut, and V. Hooda, “Actinomycetes mediated synthesis, characterization, and 

applications of metallic nanoparticles,” Inorg. Nano-Metal Chem., vol. 51, no. 10, pp. 1386–1395, 2020, doi: 

10.1080/24701556.2020.1835978. 

[42] J. Divya, A. Pramothkumar, H. J. L. Hilary, P. J. Jayanthi, and P. C. Jobe prabakar, “Impact of copper (Cu) and 

iron (Fe) co-doping on structural, optical, magnetic and electrical properties of tin oxide (SnO2) nanoparticles 

for optoelectronics applications,” J. Mater. Sci. Mater. Electron., vol. 32, no. 12, pp. 16775–16785, 2021, doi: 

10.1007/s10854-021-06235-4. 

[43] R. Mahmoud et al., “Novel anti-inflammatory and wound healing controlled released LDH-Curcumin 

nanocomposite via intramuscular implantation, in-vivo study,” Arab. J. Chem., vol. 15, no. 3, p. 103646, 2022, 

doi: 10.1016/j.arabjc.2021.103646. 

https://doi.org/10.21608/sasj.2025.465439


 

Spectrum Science Journal, 2025, 2(1), 53-65       of 65 

  
 

Spectrum Science Journal  DOI: 10.21608/sasj.2025.465439 
 

64 

64 

[44] T. Moreira et al., “Processable Thiophene-Based Polymers with Tailored Electronic Properties and their 

Application in Solid-State Electrochromic Devices Using Nanoparticle Films,” Adv. Electron. Mater., vol. 7, 

no. 7, pp. 1–12, 2021, doi: 10.1002/aelm.202100166. 

[44] G. Pathak et al., “Analysis of photoluminescence, UV absorbance, optical band gap and threshold voltage of 

TiO2 nanoparticles dispersed in high birefringence nematic liquid crystal towards its application in display and 

photovoltaic devices,” J. Lumin., vol. 192, pp. 33–39, 2017, doi: 10.1016/j.jlumin.2017.06.021. 

[46] L. Fu and Z. Fu, “Plectranthus amboinicus leaf extract-assisted biosynthesis of ZnO nanoparticles and their 

photocatalytic activity,” Ceram. Int., vol. 41, no. 2, pp. 2492–2496, 2015, doi: 10.1016/j.ceramint.2014.10.069. 

[47] J. E. Hutchison, “Greener nanoscience: A proactive approach to advancing applications and reducing 

implications of nanotechnology,” ACS Nano, vol. 2, no. 3, pp. 395–402, 2008, doi: 10.1021/nn800131j. 

[48] D. Sharma, S. Kanchi, and K. Bisetty, “Biogenic synthesis of nanoparticles: A review,” Arab. J. Chem., vol. 

12, no. 8, pp. 3576–3600, 2019, doi: 10.1016/j.arabjc.2015.11.002. 

[49] S. Debnath, R. S. Kumar, and M. N. Babu, “Green synthesis of metallic nanoparticles and their potential 

applications,” Pharma Times, vol. 56, no. 1, pp. 6–11, 2024, doi: 10.58532/v3bdcs18ch16. 

[50] S. Menon, R. S., and V. K. S., “A review on biogenic synthesis of gold nanoparticles, characterization, and its 

applications,” Resour. Technol., vol. 3, no. 4, pp. 516–527, 2017, doi: 10.1016/j.reffit.2017.08.002. 

[51] F. Ameen et al., “Soil bacteria Cupriavidus sp. mediates the extracellular synthesis of antibacterial silver 

nanoparticles,” J. Mol. Struct., vol. 1202, 2020, doi: 10.1016/j.molstruc.2019.127233. 

[52] N. Tehri et al., “Biosynthesis, characterization, bactericidal and sporicidal activity of silver nanoparticles using 

the leaves extract of Litchi chinensis,” Prep. Biochem. Biotechnol., vol. 50, no. 9, pp. 865–873, 2020, doi: 

10.1080/10826068.2020.1762212. 

[53] X. Li, H. Xu, Z. S. Chen, and G. Chen, “Biosynthesis of nanoparticles by microorganisms and their 

applications,” J. Nanomater., vol. 2011, 2011, doi: 10.1155/2011/270974. 

[54] P. Golinska, M. Wypij, A. P. Ingle, I. Gupta, H. Dahm, and M. Rai, “Biogenic synthesis of metal nanoparticles 

from actinomycetes: biomedical applications and cytotoxicity,” Appl. Microbiol. Biotechnol., vol. 98, no. 19, 

pp. 8083–8097, 2014, doi: 10.1007/s00253-014-5953-7. 

[55] G. Palareti et al., “Comparison between different D-Dimer cutoff values to assess the individual risk of 

recurrent venous thromboembolism: Analysis of results obtained in the DULCIS study,” Int. J. Lab. Hematol., 

vol. 38, no. 1, pp. 42–49, 2016, doi: 10.1111/ijlh.12426. 

[56] A. Ahmad, S. Senapati, M. I. Khan, R. Kumar, and M. Sastry, “Extracellular Biosynthesis of Monodisperse 

Gold Nanoparticles by a Novel Extremophilic Actinomycete , Thermomonospora sp . An important area of 

research in nanotechnology is the synthesis of nanoparticles of different chemical composi- tions , sizes , sha,” 

no. 15, pp. 3550–3553, 2003. 

[57] R. MICHA, “乳鼠心肌提取 HHS Public Access,” Physiol. Behav., vol. 176, no. 1, pp. 100–106, 2017, doi: 

10.1177/0022146515594631.Marriage. 

[58] M. F. Lengke, C. Sanpawanitchakit, and G. Southam, “Biosynthesis of Gold Nanoparticles: A Review,” Met. 

Nanoparticles Microbiol., no. May 2016, pp. 37–74, 2011, doi: 10.1007/978-3-642-18312-6_3. 

[59] Y. Wang and Y. Xia, “0250.NanoLett.2004,4,2047.pdf,” Nano Lett., vol. 4, no. 10, pp. 2047–2050, 2004. 

[60] M. Rafique, I. Sadaf, M. S. Rafique, and M. B. Tahir, “A review on green synthesis of silver nanoparticles and 

their applications,” Artif. Cells, Nanomedicine Biotechnol., vol. 45, no. 7, pp. 1272–1291, 2017, doi: 

10.1080/21691401.2016.1241792. 

[61] T. Mustapha, N. Misni, N. R. Ithnin, A. M. Daskum, and N. Z. Unyah, “A Review on Plants and 

Microorganisms Mediated Synthesis of Silver Nanoparticles, Role of Plants Metabolites and Applications,” 

Int. J. Environ. Res. Public Health, vol. 19, no. 2, 2022, doi: 10.3390/ijerph19020674. 

[62] S. Iravani, “Green synthesis of metal nanoparticles using plants,” Green Chem., vol. 13, no. 10, pp. 2638–

2650, 2011, doi: 10.1039/c1gc15386b. 

[63] M. C. M. Daniel and D. Astruc, “Ref1-10(Ligand Exchang),” Chem. Rev., vol. 104, no. 1, pp. 293–346, 2004. 

[64] K. N. Thakkar, S. S. Mhatre, and R. Y. Parikh, “Biological synthesis of metallic nanoparticles,” Nanomedicine 

Nanotechnology, Biol. Med., vol. 6, no. 2, pp. 257–262, 2010, doi: 10.1016/j.nano.2009.07.002. 

[65] M. Frieri, K. Kumar, and A. Boutin, “Antibiotic resistance,” J. Infect. Public Health, vol. 10, no. 4, pp. 369–

378, 2017, doi: 10.1016/j.jiph.2016.08.007. 

[66] D. G. J. Larsson and C. F. Flach, “Antibiotic resistance in the environment,” Nat. Rev. Microbiol., vol. 20, no. 

5, pp. 257–269, 2022, doi: 10.1038/s41579-021-00649-x. 

https://doi.org/10.21608/sasj.2025.465439


 

Spectrum Science Journal, 2025, 2(1), 53-65       of 65 

  
 

Spectrum Science Journal  DOI: 10.21608/sasj.2025.465439 
 

65 

65 

[67] H. Giri, T. J. Dowell, M. Almtiri, and C. N. Scott, “Polyaniline Derivatives and Their Applications,” Trends 

Dev. Mod. Appl. Polyaniline, pp. 1–30, 2023, doi: 10.5772/intechopen.1001940. 

[68] W. Gao and L. Zhang, “Nanomaterials arising amid antibiotic resistance,” Nat. Rev. Microbiol., vol. 19, no. 1, 

pp. 5–6, 2021, doi: 10.1038/s41579-020-00469-5. 

[69] E. M. Geniès, A. Boyle, M. Lapkowski, and C. Tsintavis, “Polyaniline: A historical survey,” Synth. Met., vol. 

36, no. 2, pp. 139–182, 1990, doi: 10.1016/0379-6779(90)90050-U. 

[70] A. N. Andriianova et al., “Antibacterial properties of polyaniline derivatives,” J. Appl. Polym. Sci., vol. 138, 

no. 47, pp. 1–11, 2021, doi: 10.1002/app.51397. 

[71] S. Bhadra, D. Khastgir, N. K. Singha, and J. H. Lee, “Progress in preparation, processing and applications of 

polyaniline,” Prog. Polym. Sci., vol. 34, no. 8, pp. 783–810, 2009, doi: 10.1016/j.progpolymsci.2009.04.003. 

[72] Z. A. Boeva and V. G. Sergeyev, “Polyaniline: Synthesis, properties, and application,” Polym. Sci. - Ser. C, vol. 

56, no. 1, pp. 144–153, 2014, doi: 10.1134/S1811238214010032. 

[73] D. R. Monteiro, L. F. Gorup, A. S. Takamiya, A. C. Ruvollo-Filho, E. R. de Camargo, and D. B. Barbosa, “The 

growing importance of materials that prevent microbial adhesion: antimicrobial effect of medical devices 

containing silver,” Int. J. Antimicrob. Agents, vol. 34, no. 2, pp. 103–110, 2009, doi: 

10.1016/j.ijantimicag.2009.01.017. 

[74] C. Ortega-Nieto, N. Losada-Garcia, D. Prodan, G. Furtos, and J. M. Palomo, “Recent Advances on the Design 

and Applications of Antimicrobial Nanomaterials,” Nanomaterials, vol. 13, no. 17, 2023, doi: 

10.3390/nano13172406. 

[75] T. Hassan et al., “Functional nanocomposites and their potential applications: A review,” J. Polym. Res., vol. 

28, no. 2, 2021, doi: 10.1007/s10965-021-02408-1. 

[76] Asiva Noor Rachmayani, “No 主観的健康感を中心とした在宅高齢者における 健康関連指標に関する

共分散構造分析Title,” p. 6, 2015. 

[77] H. Alaoui Mdarhri et al., “Alternatives Therapeutic Approaches to Conventional Antibiotics: Advantages, 

Limitations and Potential Application in Medicine,” Antibiotics, vol. 11, no. 12, 2022, doi: 

10.3390/antibiotics11121826. 

[78] T. J. Hossain, “Methods for screening and evaluation of antimicrobial activity: A review of protocols, 

advantages, and limitations,” Eur. J. Microbiol. Immunol., vol. 14, no. 2, pp. 97–115, 2024, doi: 

10.1556/1886.2024.00035. 

[79] M. A. Salam, M. Y. Al-Amin, J. S. Pawar, N. Akhter, and I. B. Lucy, “Conventional methods and future trends 

in antimicrobial susceptibility testing,” Saudi J. Biol. Sci., vol. 30, no. 3, p. 103582, 2023, doi: 

10.1016/j.sjbs.2023.103582. 

[80] T. K. Giri, D. Verma, and H. R. Badwaik, “on ot Pe rs Fo tri bu tio n se nl y Fo Pe rs is tio n se nl y,” no. 

January, pp. 44–49, 2017, doi: 10.2174/138945011666615101910. 

[81] P. Mukherjee, A. Khademhosseini, J. Seaberg, H. Montazerian, M. N. Hossen, and R. Bhattacharya, “Hybrid 

nanosystems for biomedical applications,” ACS Nano, vol. 15, no. 2, pp. 2099–2142, 2021, doi: 

10.1021/acsnano.0c09382. 

[82] B. Ates, S. Koytepe, A. Ulu, C. Gurses, and V. K. Thakur, “Chemistry, structures, and advanced applications 

of nanocomposites from biorenewable resources,” Chem. Rev., vol. 120, no. 17, pp. 9304–9362, 2020, doi: 

10.1021/acs.chemrev.9b00553. 

[83] I. Ali, “New generation adsorbents for water treatment,” Chem. Rev., vol. 112, no. 10, pp. 5073–5091, 2012, 

doi: 10.1021/cr300133d. 

[84] C. H. Huang and S. Y. Wang, “Application of water treatment sludge in the manufacturing of lightweight 

aggregate,” Constr. Build. Mater., vol. 43, no. July 2016, pp. 174–183, 2013, doi: 

10.1016/j.conbuildmat.2013.02.016. 

[85] N. E. Mastorakis, C. A. Bulucea, T. A. Oprea, C. A. Bulucea, and P. Dondon, “Environmental and health risks 

associated with biomedical waste management,” Int. Conf. Dev. Energy, Environ. Econ. - Proc., no. October 

2016, pp. 287–294, 2010. 

https://doi.org/10.21608/sasj.2025.465439

