Pharmedico Publishers

International Journal of Pharmaceutical Science and Medicine
Volume 2, Issue 1 (2024): 33-39

DOI: 10.70199/1JPSM.2.1.33-39

REVIEW ARTICLE ISSN: 2584-1610 (Online)

NANOTECHNOLOGY IN ANTIMICROBIAL THERAPY: ENHANCING THE ARSENAL AGAINST
RESISTANT MICROORGANISMS

Jalaj Sonakpuri "1, Pankaj Niranjan !, Vihangesh Dixit !, Saurabh Savita 2

Institute of Pharmacy ', Bundelkhand University, Jhansi-284128, Uttar Pradesh, India.
M C S College of Science and Technology 2, Rewan, Mauranipur, Jhansi- 284204, Uttar Pradesh, India.

ABSTRACT: Antimicrobial resistance is a critical challenge for global health, weakening the use of
most conventional antibiotics to treat infectious diseases. Recently, nanotechnological advancements
have provided a new promise in the fight against resistant microorganisms and antimicrobial treatment
support. This review provides an overview of nanotechnology for antimicrobial therapy, insights into
the design and development of new classes of nanomaterials as well as drug delivery systems at
nanoscale dimensions aimed towards various strategies targeting emerging MDR bacteria.
Nanoparticles, nanostructures, nanosilver and nanoformulations have exhibited extensive prospect in
ameliorating the drug stability, provocation of drug bioavailability and defeat the microbial resistance
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mechanism. Moreover, nanotechnology makes drugs more specific to the intended pharmaceutical target
and less likely to affect other organs which subsequently improves therapeutic efficiency. The
extraordinary properties of nanomaterials opened new doors for novel strategies against harmful
microbes, e.g. antimicrobial surfaces and coatings. But there are technical issues to overcome related to
safety, regulation and mass production. In this review, we address the recent progress in nanotechnology-
based antimicrobial therapies and their mode of action to combat resistant microorganisms.
Nanotechnology has the potential to significantly impact antimicrobial therapy with continued research
and development, thereby enhancing our capability against the emergence of resistance to conventional
antimicrobials.

Key Words: Nanotechnology, antimicrobial therapy, antimicrobial resistance, nanomaterials, drug
delivery, targeted drug delivery.

L. INTRODUCTION

Increasingly, AMR has become a global public health threat
eroding the efficacy of traditional therapies and presenting
previously un-imagined challenges to control [sic] infectious
disease [1]. With the increasing number of pathogens that have
become resistant to traditional antibiotics, there is an urgent
need for a different approach. Nanotechnology has recently
appeared as the most interesting and disruptive new field in the
area of antimicrobial therapy. Nanotechnology exploits unique
properties of nanomaterials and nanoparticles for combating the
growing threat of AMR, making it a new hope in our struggle
against the invading microbes that are evermore resilient [2].

In it we explore how nanotechnology may be a game changing
solution for our escalating problem of antimicrobial resistance,
taking you on a journey into the world of nano as only the
unlikely science communication duo from an in vivo context
canelfare. We first provide a brief description of the serious
consequences to global health of antimicrobial resistance, then
explain how this helps to illustrate why it is so critical that new
treatment strategies are identified. Finally, we touch on the
possibilities nanotechnology has to offer in revolutionizing the
field of medicine [3].

The objective of the present review is to highlight various
applications describing the novel features and transformative

potential of nanotechnology in antimicrobial therapy. In this
chapter, we provide an overview of the potential new
nanoparticulate drug delivery systems and discuss how they can
challenge antimicrobial susceptibility mechanisms. We aim to
shine a light on these weapons-cutting-edge research and
breakthroughs-and by doing so, we hope to capture some of
nanotechnology's contribution to fighting back against resistant
strains.

So, as we set forth on this journey we encourage readers to think
about a future scenario where nanotechnology driven
antimicrobial therapies reimagine not only the restoration of
efficacy of the existing drugs but also a cornerstone for
precision medicine and personalized interventions. This is a
new way, as it will come through regulatory considerations and
ethical implications right along with the revolutionary
approaches they promise. Centered around have described
recent developments and applications in patient care of
nanotechnology-based anti-infective agents and we anticipate
that this review will inspire researchers to find new niches,
strategies and architectures needed for success in clinical
discovery the transition of nanoantimicrobials from the bench
top to the bedside. Jointly, we set forth on a journey to explore
the power of nanotechnology as we persist in our mission for
the sake of human existence within healthcare and medicine.
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I1. Nanotechnology in Antimicrobial Therapy: An Overview

Too new for a comprehensive definition, nanotechnology is
becoming popular through the manipulation of materials and
devices at the 1-100 nanometers size range [4]. In the medical
realm, nanotechnology uses the special characteristics shown
by nanoparticles to exert a very specific control over drug
interactions and delivery. Inspiration from nanoscale processes
including quantum phenomena and surface interactions
provides promising strategies in combating issues at the root of
antimicrobial resistance (Table 1) [5].

Table 1: Nanomaterials Used in Antimicrobial Therapy

Nanomaterial Mechanism of Action Target Microorganisms

Silver Disruption of cell Bacteria, fungi, viruses
nanoparticles membranes [6-8]

Zinc oxide Generation of reactive Bacteria, fungi, viruses

oxygen species [9-11]
Membrane penetration Bacteria, fungi [12, 13]
and disruption
Enhanced drug delivery Bacteria, fungi, viruses
and stability [14-16]

nanoparticles
Graphene oxide

Liposomes

Nanotechnology-based antimicrobial therapy has several
advantages as we have covered above. One is the high surface
area-to-volume ratio of nanomaterials which can lead to a sort
of drug-loading (specifically, enhanced drug stability and
solubility) benefits. The second is the capability of
nanotechnology to form multifunctional nanocarriers loaded
with a wide array of antimicrobial agents thereby allowing
combination therapies while delaying resistance formation.
Furthermore, the capability of nanomaterials to behave at the
molecular scale with biological entities allows the
antimicrobials to be delivered locally through drug targeting
systems which delivers them only where infected, minimizing
adverse effects on healthy tissues [17].

Nanoparticles and nanocarriers have been regarded as a
backbone in transforming the frontiers of drug delivery systems
for antimicrobial therapy This phenomenon of decreased
clearance and degradation stretches the circulation time of
antimicrobial agents in the body, which are shielded within
nanoscale carriers - such as liposomes, polymeric nanoparticles,
dendrimers or carbon nanotubes. These improved stability and
characteristics of drug-release profiles of nanoscale
formulations result in more efficient pharmacokinetics and
pharmacodynamics of the drug. Nanoparticles can also undergo
surface functionalization to achieve active targeting by the
incorporation of ligands, which specifically bind to microbial
cells, biofilms or receptors and hence enable more precise
delivery and better therapeutic benefits [18].

IT1. Nanomaterials for Antimicrobial Therapy
A. Overview of Various Nanomaterials Used in
Antimicrobial Applications

Nanomaterials, as a promising choice in the field of
nanotechnology for antimicrobial therapy, exhibit different
inherent characteristics and hence interact and function variably
against microorganisms. In this review as can be seen, we
summarized that nanomaterials are variable for antimicrobes
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[19]. Nanomaterials are able in solution to be builded from the
nanoscale such as graphene, carbon nanotubes and polymeric
nanoparticles, have also been growing in interest and usage for
an implementation for different industrial application apart
metallic and metal oxide nanoparticles (can be of silver, gold or
copper for metallic nanoparticles or of zinc oxide or titanium
dioxide for metal oxide). As has been established for cargo
delivery, depending on its physicochemical properties and
mechanisms of action, each type of nanomaterial potentially
possesses advantageous characteristics to revolutionize the
antimicrobial therapy [20].

B. Mechanisms of Action of Nanomaterials Against
Microorganisms

For this reason, it is important to gain insight into how
nanomaterials  exhibit  their = antimicrobial  activity.
Nanomaterials have different mechanisms to exert these effects;
the most common modes of action are their direct or physical
interaction with microbial cells, cell membrane disruption or
damage, ROS production and overall toxin releasing effect on
microorganism. Novel surface chemistry and large specific
surface area of nanomaterials give rise to their excellent
antimicrobial properties, effective against various types of
microorganisms such as bacteria, fungi, virus, and drug-
resistant strains [21].

C. Comparative Analysis of Different Nanomaterials and
Their Effectiveness

It is, therefore, necessary to perform a comparison
representatively between different types of nanomaterials for
antimicrobial therapy in terms of their benefits and drawbacks.
Depending on the exact nature of their intended applications,
researchers can determine whether the nano-bullets will be
antimicrobial and have the durability, biocompatibility and
potential for drug delivery that they desire. Furthermore,
examination of nanomaterial properties, such as size, shape and
surface functionalization on antimicrobial activity, allows for
the development of more precisely targeted nanotherapeutics
with increased specificity against specific microorganisms [22].

IV. Nanoscale Drug Delivery Systems
A. Nanocarriers for Antimicrobial Drugs: Liposomes,
Polymeric Nanoparticles, etc.

One of the paradigms of drug delivery is its nanoscale, which
provides unique strategies to increase and more safely deliver
antimicrobial drugs. Of the numerous nanocarriers, liposomes
and polymeric nanoparticles are noteworthy contestants. Small-
sized liposomes (phospholipid-based vesicles), offer an
excellent strategy for encapsulating both hydrophilic and
hydrophobic antimicrobial agents, thereby ensuring the
controlled release of the drugs as well as long-term stability. In
contrast, the tunability of polymeric nanoparticles during
synthesis and design allows for custom carriers that can suit
many different types of antimicrobial compounds. Besides,
these nanocarriers protect the drugs from early degradation and
enhance drug dissolution rate, which can finally break the
bottleneck of current conventional GRI formulations [23].
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B. Advantages of Nanoscale Drug Delivery Systems Over
Traditional Drug Delivery

Nanoscale drug delivery system is a breakthrough in
antimicrobial therapy which has provided various benefits over
the conventional methods of delivery. Thus, it significantly
decreases the risks of side effects by maintaining drug levels at
therapeutic doses, which allows for longer dosing intervals and
sustained release kinetics. In addition, because of their small
size (nanosize), NPs are able to passively target infections sites
due to enhanced permeation and retention effect, making site-
specific accumulation possible. In particular, such increased
drug accumulation and bioavailability are associated with better
antimicrobial activity from the susceptibility problem against
resistant microorganisms. Furthermore, the combination of
nanoscale drug carriers allows for multiple antimicrobials to be
simultaneously delivered to overcome multidrug-resistant
pathogens synergistically [24].

C. Targeted Drug Delivery to Combat Microbial Resistance

Among the greatest current advantages of nanoscale drug
delivery systems is the potential for targeted drug delivery, a
sine qua non action to overcome microbial resistance. By
functionalizing nanocarriers with specific ligands, such as
antibodies or peptides, researchers can achieve active targeting,
directing antimicrobial agents precisely to pathogen-infested
tissues or biofilms. This targeted drug delivery not only
enhances therapeutic outcomes but also reduces drug exposure
to healthy tissues, minimizing off-target effects. Furthermore,
nanotechnology opens avenues for overcoming efflux pump-
mediated resistance, as it allows efficient intracellular drug
delivery and evasion of microbial resistance mechanisms [25].

V. Nanotechnology-Based Antimicrobial Agents
A. Development of Nanoscale Antimicrobial Agents

Nanotechnology has opened new avenues for -creating
antimicrobial agents with enhanced properties and
functionalities. Researchers have engineered various nanoscale
antimicrobial agents, including metal-based nanoparticles (e.g.,
silver, copper), metal oxide nanoparticles (e.g., zinc oxide,
titanium dioxide), antimicrobial peptides, and carbon-based
nanomaterials (e.g., graphene oxide). These agents disrupt
microbial membranes, interfere with cellular processes, and
induce oxidative stress, rendering them effective against drug-
resistant strains and a diverse range of microorganisms [26].

B. Enhanced Antimicrobial Activity and Reduced
Resistance Development

Nanoscale antimicrobial agents demonstrate significantly
enhanced activity compared to conventional counterparts. Their
small size and high surface area facilitate better penetration into
microbial cells, leading to more efficient antimicrobial action.
Additionally, their unique mechanisms of action make it less
likely for microorganisms to develop resistance, offering a
promising approach to combat persistent and resistant
infections [27].
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C. Spynergistic Effects of Antimicrobial Agents and
Nanotechnology

Antimicrobial agents are currently being widely used in
combination with nanotechnology, offering hope for
antimicrobial therapy. So, by integrating the antimicrobial
agents in these nanocarriers or functionalizing the surface of
nanoparticles to introduce antimicrobial properties, a synergy
creation can take place- where a sum is greater than its parts.
This method increases the antimicrobial activity, makes for less
effective doses and minimizes side effects. In addition, using
multiple antimicrobial agents to target separate steps of the
biofilm formation process can be additive or even synergistic in
nature, making it a potentially powerful way to treat multidrug-
resistant pathogens and biofilm-associated infections [28].

Table 2: Comparison of Nanotechnology-Enhanced Drug Formulations

Drug Advantages Disadvantages Applications
Formulation
Nanoparticle- Improved drug Manufacturing Targeted drug
based stability and complexity delivery
liposomes solubility
Controlled release Potential Antimicrobial
toxicity coatings
Targeted drug Risk of drug Photothermal
delivery leakage therapy
Reduced Limited drug Immunotherapies
resistance payload [29]

development

VI. Nanoformulations for Improving Drug Stability and
Bioavailability
A. Challenges in Antimicrobial Drug Stability and
Bioavailability

Antimicrobial drugs face significant challenges related to
stability and bioavailability, which can hinder their
effectiveness in combating infections. Many antimicrobial
agents are prone to degradation under physiological conditions,
reducing their shelf life and therapeutic efficacy. Additionally,
poor solubility can limit drug absorption, leading to suboptimal
drug concentrations at the infection site. These challenges
underscore the need for innovative approaches to improve drug
stability and enhance bioavailability [30].

B. Role of Nanotechnology in Improving Drug Stability and
Solubility

Nanotechnology offers a powerful solution to address the
challenges of antimicrobial drug stability and solubility.
Through the development of nanoscale drug delivery systems,
such as liposomes, polymeric nanoparticles, and nanocrystals,
nanotechnology enables the encapsulation of antimicrobial
agents within protective carriers. This encapsulation shields the
drugs from degradation, preserving their potency and extending
their shelf life. Moreover, nanocarriers can enhance drug
solubility by increasing the surface area available for
dissolution, thereby improving drug absorption and
bioavailability [31].
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C. Impact of Nanoformulations on Drug Pharmacokinetics
and Pharmacodynamics

Nanoformulations have a profound impact on drug
pharmacokinetics and pharmacodynamics. The unique
properties of nanocarriers influence drug release kinetics,
leading to sustained drug concentrations at the infection site.
This sustained release can prolong the drug's therapeutic effect
and reduce dosing frequency, enhancing patient compliance.
Additionally, nanocarriers can improve drug distribution,
allowing for more extensive tissue penetration and increased
efficacy against intracellular pathogens. The controlled release
and targeted drug delivery provided by nanoformulations
optimize drug interactions with microbial targets, enhancing
therapeutic outcomes and minimizing the development of drug
resistance [32].

VII. Innovative Antimicrobial Strategies Enabled by
Nanotechnology
A. Antimicrobial Surfaces and Coatings

Nanotechnology has revolutionized the development of
antimicrobial surfaces and coatings, offering a potent defense
against infectious agents. By integrating nanomaterials with
antimicrobial properties into various surfaces, such as medical
devices, implants, and textiles, researchers have created self-
sanitizing materials that can actively inhibit microbial growth
and prevent biofilm formation. These nanotechnology-based
antimicrobial surfaces hold immense potential in reducing
hospital-acquired infections, improving patient outcomes, and
enhancing the safety of medical procedures [33].

B. Photothermal and Photodynamic Therapies Using
Nanomaterials

Nanotechnology has unlocked the power of light-based
therapies for antimicrobial applications. Photothermal therapy
employs light-absorbing nanomaterials, such as gold
nanoparticles or carbon nanotubes, to generate localized heat
when exposed to near-infrared light. This controlled heat
selectively targets and eradicates microbial cells, including
drug-resistant strains. Similarly, photodynamic therapy
employs photosensitizing nanoparticles to produce reactive
oxygen species upon light activation, causing microbial cell
damage and death. Both photothermal and photodynamic
therapies offer non-invasive and targeted approaches to treat
localized infections and combat resistant microorganisms [34].

C. Combining Nanotechnology with Immunotherapies

Nanotechnology has ushered in a new era of combination
therapies by synergizing antimicrobial agents with
immunotherapies. By leveraging the unique properties of
nanomaterials, researchers can co-deliver antimicrobial agents
and immunomodulators to enhance the immune response
against infections. Nanoparticles can serve as carriers for
antigen presentation, promoting the activation of immune cells
and augmenting the body's defense mechanisms. This
convergence of nanotechnology with immunotherapies opens
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exciting possibilities for personalized and precise approaches to
tackle infectious diseases while minimizing the risk of
resistance development [35].

VIII. Safety and Regulatory Considerations
A. Biocompatibility and Toxicity of Nanomaterials

The safety of nanotechnology-based antimicrobial therapies
hinges on the biocompatibility and toxicity of the employed
nanomaterials. Nanomaterials have many promising properties,
but this should be weighed carefully against their interactions
within biological systems. Biocompatibility study, which
ensures the innocuous effects of nanomaterial on tissues, cells
and organs were conducted. Also, examining toxicity and more
long-lasting effects is paramount to maintaining patient safety.
A detailed knowledge of the biocompatibility of nanomaterials
is a pre-requisite for building responsible strategies for
designing and delivering antimicrobial approaches based in
nanotechnology [37].

B. Regulatory Challenges and Approval Processes for
Nanotechnology-Based Therapies

The use of nanoparticles in antimicrobial strategies has opened
up new regulatory concerns. Packets of International
Regulation For nanomaterials and their myriad uses, traditional
regulatory frameworks may be incomplete. Before clinical
translation of nanotechnology-based therapies, rigorous safety
evaluations and standardized testing protocols need to be
established. This could include flexibly streamlining
metrospective approval processes and establishing a set of
transparent pre-competitive guidelines for the regulation of
nanomedicines, thereby reducing the time it takes to translate
laboratory findings into new nanoscale therapeutic options [38].

C. Ethical Considerations in Using Nanotechnology for
Antimicrobial Applications

A spectrum of ethical questions surrounds the application
potential of nanoparticles, like nanotechnology in antibacterial
area. This may raise questions on equal access to nanomedicine,
responsible use of nanotechnology in the fight against AMR and
implications on environment. Given further development of
nanotechnology, numerous open dialogues could be held about
the potential risks, benefits, and societal implications; however
any use in antimicrobial therapy must conform to ethical
principles and respect the rights and well-being of patients [39,
40].

IX. Current Research and Future Directions
A. Promising Research in Nanotechnology-Based
Antimicrobial Therapy

Nanotechnology assisted antimicrobial therapy is making great
strides, governed by an influx of new state-of-art research in the
field. New nanomaterials under investigation continue to be
more active against microbes and are also able to target bullets
more smartly. This mini review aims to shed the light on
utilizing nanotechnology to target intracellular infections,
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biofilm eradication and resistance problems. Moreover, new
nanotechnologies including nanosensors and nanotheranostics
may provide the opportunity of detecting infections precisely at
an early stage and treating them appropriately, by personalized
tracking of changes in disease activity. The collaboration
between nanotechnology and other scientific disciplines, such
as artificial intelligence and molecular biology, further expands
the horizons of antimicrobial therapy [41].

B. Potential for Personalized Nanomedicine in
Antimicrobial Treatment

The inherent versatility of nanotechnology paves the way for
personalized nanomedicine in antimicrobial treatment.
Tailoring nanotherapeutics based on individual patient
characteristics, infection profiles, and drug responses can
optimize treatment outcomes and minimize adverse effects.
Personalized nanomedicine offers the potential for targeted,
patient-centric interventions that consider genetic variability,
microbiome diversity, and immune responses. By leveraging
nanotechnology's capabilities, clinicians may soon have the
means to design precise and individualized antimicrobial
regimens, ushering in a new era of patient care [42].

C. Overcoming Challenges and Scaling Up for Clinical
Translation

As nanotechnology-based antimicrobial therapies progress
from bench to bedside, several challenges must be addressed for
successful clinical translation. Ensuring the scalability and
reproducibility of nanomaterial synthesis is crucial for large-
scale production and widespread clinical use. Rigorous
preclinical studies, encompassing safety assessments and
pharmacokinetic studies, are imperative to validate the efficacy
and safety of nanotherapeutics. Collaborations between
researchers, clinicians, and regulatory agencies are essential for
streamlining approval processes and navigating the intricacies
of nanomedicine regulation. Addressing these challenges will
expedite the integration of nanotechnology-based antimicrobial
therapies into clinical practice, realizing their full potential in
combating infectious diseases [43].

CONCLUSION

Nanotechnology has emerged as a transformative force in the
field of antimicrobial therapy, revolutionizing the way we
combat infectious diseases. The integration of nanomaterials
and nanoparticles has led to the development of innovative drug
delivery systems, nanoscale antimicrobial agents, and advanced
treatment modalities. Nanotechnology-enabled approaches,
such as targeted drug delivery, photothermal and photodynamic
therapies, and immunotherapy combinations, offer new
strategies to overcome the challenges of antimicrobial
resistance. By enhancing drug stability, improving
bioavailability, and enabling personalized medicine,
nanotechnology holds the potential to reshape the landscape of
antimicrobial treatment.

Antimicrobial resistance poses a significant threat to global
health, demanding urgent and creative solutions. The multi-
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faceted approaches to which nanotechnology can be applied,
provide a promising approach to counteract antimicrobial
resistance from its very foundations. Nanoformulations of
antimicrobial agents may improve the interactions between
drugs, reduce resistance to microbial agents and help restore
efficacy of currently wused bacterial antimicrobials.
Furthermore, the distinct actions of nanoantimicrobials in
nanometre sizes can target any resistant strain rendering it
defenceless which paves the way to be an urgency against
otherwise uneradicable bio-infections. Combining
nanotechnology with immunotherapies can improve this
response and increase the body's protection against pathogens
that are resistant to antibiotics. Interdisciplinary research and
innovation within nanotechnology, including drug delivery
such as using nanoparticles for smart drug delivery, biomarker
discovery and boosting the sensitivity of diagnostic tests all
have the potential to contribute to our antimicrobial armoury
and provide solutions against resistance.

The potential that nanotechnology holds for antimicrobial
therapy is not just limited to the laboratory. The use of
nanotechnology-based antimicrobial therapies has broad public
health and medical relevance worldwide the hope is that the
solutions presented by nanotechnology-based interventions will
provide a resolution to these challenges through improved drug
stability, solubility and resistance. These techniques with
personalized nanomedicine could empower better outcomes for
patients and the healthcare system at large while advanced
antimicrobial surfaces can stem the tide of infectious diseases
within  healthcare settings. Nevertheless, despite the
encouraging avenues enticing escalation of these opportunities
ethical implications, safety evaluations and regulatory
strategies are key to promote responsible and sustainable usage
in the antimicrobial therapy using nanotechnology.

Finally, the development of nanotechnology has heralded a new
epoch on antimicrobial therapy and opened up myriad emerging
avenues to fight infectious diseases. This research could pave
the way towards a world where we can successfully take on
antimicrobial resistance and could help us fight infections more
efficiently. Nanotechnology combined with medicine shows a
promising future in benefiting global health, patient care
evolution and protection of mankind from the new waves of
infectious diseases.
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