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Abstract:

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.

Keywords: Nanotechnology, antimicrobial nanomaterials, drug resistance, nanoparticle
synthesis, bottom-up approach, top-down approach, green synthesis, biomedical
applications, multidrug-resistant pathogens, nanocomposites.

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
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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].

Properties of
Polyaniline

\

e

‘\\

\._../"/
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 (MgQO), 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].

Building
- materials

Dental care Surface
disinfection

w Nanomaterials L~
= applications i
: riais
Cosmetics protection

Environmental

Pharma remediation

industry

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.

e 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]

e Development of Resistance: Continuous and inappropriate use of antibiotics accelerates the
development of resistant strains, reducing the effectiveness of treatment over time [78].

e 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.

e 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).

e (Cancer Therapy: Some conductive polymers can be used for photothermal or electrochemical
cancer treatment due to their response to light or electric fields.

e 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.

e Removal of Microbial Contaminants: The antimicrobial nature of the composite allows it to kill
bacteria present in polluted water sources [82].

e 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].

e 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:

e 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.

e Cancer Treatment: Preliminary results suggest that the nanocomposite may interfere with cancer
cell growth, opening new avenues for future research.

e 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:

e 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.

e Antimicrobial Effect: Direct microbial inactivation in contaminated water helps prevent disease
transmission.

e Catalytic Properties: Some nanomaterials can act as catalysts in degradation of pollutants or
conversion of toxic substances into less harmful forms.

e 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.
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