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Antimicrobial resistance (AMR) has emerged as a critical global health threat, driven by the rapid evolution
and dissemination of resistance mechanisms among pathogens, and exacerbated by the interconnectedness
of human, animal, and environmental health sectors. This review provides a comprehensive synthesis of the
mechanisms underlying AMR including membrane permeability modification, efflux pumps, enzymatic
inactivation, and target site modification while framing the crisis within the One Health perspective that
emphasizes cross-sectoral collaboration and holistic strategies. The article systematically evaluates current
approaches to combating AMR, such as novel drug discovery, combination therapies, bacteriophage-based
interventions, antimicrobial adjuvants, and antimicrobial peptides, highlighting their respective strengths and
limitations. The core of the review focuses on the advances in nanotechnology-based strategies, detailing
the antimicrobial potential of diverse nanomaterials including chitosan, poly(lactic-co-glycolic acid) (PLGA)
nanoparticles, liposomes, solid lipid nanoparticles, metal and metal ion nanoparticles (e.g., zinc oxide, silver,
copper, gold, titanium, magnetic, cobalt), carbon dots, dendrimers, and hydrogels. Special attention is given
to their mechanisms of action, efficacy against multidrug-resistant organisms, and applicability across
human, veterinary, and environmental contexts. Moreover, the review addresses the limitations of
nanotechnology-based approaches, such as nanoparticle cytotoxicity, the potential for nanoparticle-induced
resistance, and the toxicological and ecological risks posed to One Health ecosystems. By critically
appraising these challenges, the review identifies key research gaps and regulatory hurdles that must be
overcome to enable the safe and effective clinical translation of nano-antimicrobials. The article concludes
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They are also utilised for complex treatments, including organ
transplants and surgeries.”> Based on their mechanisms of

1. Introduction

Antimicrobials encompass a broad category of compounds that
either inhibit or kill pathogenic microorganisms such as bac-
teria, fungi, protozoa, and viruses. These compounds include
both organic and synthetic varieties. Antibiotics were first
studied in the early 20th century, with notable discoveries like
Salvarsan and penicillin," and their use was popularised during
the following decades. The introduction of antimicrobials into
medical practices has reduced the mortality rate of multiple
potentially lethal conditions, such as pneumonia® and sepsis.**
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action, antibiotic agents are classified into two categories:
bactericidal agents, which kill bacterial cells, and bacteriostatic
agents, which inhibit bacterial growth without directly causing
cell death.® However, over time, new strains of bacteria have
emerged that maintain their viability even when exposed to
high antibiotic concentrations. Similar patterns have been
observed in non-bacterial pathogens like Plasmodium falci-
parum, the causative pathogen of malaria.” This capability of
a microorganism to resist the activity of antimicrobial agents at
concentrations that would typically be inhibitory is termed
antimicrobial resistance (AMR).® AMR has been associated with
the overprescription and improper usage of antibiotics, as
prolonged exposure to antimicrobials stimulates the develop-
ment of resistance against them.’ However, research suggests
that AMR is not just a modern phenomenon, with resistance
genes found in permafrost samples ranging from 3000 to
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3000000 years old.'>'" This suggests that resistance arises
through intrinsic evolutionary processes in the bacteria. In
2017, the World Health Organization (WHO) classified numer-
ous antibiotic-resistant bacteria as ‘“priority pathogens”, posing
a severe risk to modern healthcare.'> Developing new treat-
ments for these infections has become a primary concern, as
conventional methods are unable to combat them effectively."®
Nanomaterials are emerging as a potential solution due to their
ability to overcome resistance mechanisms.

As stated, a significant factor contributing to the develop-
ment of AMR is the inappropriate utilisation of antibiotics
during medical treatment. During the administration of anti-
biotic drugs, it is necessary to ensure that appropriate dosage
concentrations are used. However, studies have shown that less
than 50% of patients receive adequate or appropriate dosages
of antibiotics during treatment.'*'® Furthermore, it has been
found that antibiotics are sometimes prescribed for non-
bacterial infections as well. For instance, a meta-analysis of
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COVID-19 infections found that despite a low apparent rate of
bacterial co-infection (6.9%), antibiotics had been prescribed
for 71% of infections.’® In many developing countries, anti-
biotics do not require prescriptions and are often readily
available over the counter.”” Such incidences create conditions
in which bacteria exist in antibiotic concentrations well below
the minimum inhibitory concentration (MIC). Even at non-
inhibitory concentrations, antibiotics still exert external stress
on bacteria, prompting adaptation processes. This stress can
lead to the development of antimicrobial-resistant genes
through mutations. Bacteria possessing these genes may pro-
liferate more rapidly than their non-resistant counterparts,
gaining favour through natural selection. Moreover, these
resistance genes can be transferred to other non-resistant
bacteria via horizontal gene transfer (HGT), facilitating the
spread of resistance to new species.'®

The rise of AMR is not solely attributable to medical treatments.
Many farmers routinely administer antimicrobials to livestock in
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pursuit of better health and increased yields. This practice remains
widespread in numerous low- and middle-income nations with
minimal regulatory oversight.'> However, due to varying antibiotic
dosages in livestock, environments with low antibiotic concentra-
tions are frequently created, providing ample opportunities for
resistance to develop. Several studies have identified the existence
of antimicrobial-resistant bacteria among farmers and those in
close proximity, suggesting transmission from livestock.”® Other
studies show that over 90% of antimicrobials administered to
livestock are excreted into the environmental microbiome, where
resistance can again develop.”’ Collectively, these factors signifi-
cantly contribute to the global escalation of AMR. In 2014, the
WHO released a report describing AMR as “a problem so serious
that it threatens the achievements of modern medicine”.”
Antibiotics form a substantial part of healthcare, but the rise in
resistance has contributed to a spike in severe infections globally.
According to the US Centers for Disease Control, approximately
2.8 million infections involving antibiotic-resistant pathogens
occurred in 2019, resulting in 35000 deaths.>® Another study
indicated that globally, around 4.95 million deaths may be linked
to antimicrobial-resistant infections.>* This issue also poses sub-
stantial economic risks. Prolonged hospital stays, ineffective
treatments, and the escalating costs of less commonly used anti-
biotics are driving up treatment expenses rapidly. A 2023 report by
the Organization for Economic Co-operation and Development
(OECD) estimated that AMR costs its member nations $28.9
billion.>® In the absence of effective, permanent measures to
combat this issue, it is feared that such costs will continue to
increase drastically.

In this review, we explore the ongoing fight against AMR, an
escalating global threat. While traditional methods are becom-
ing less effective, a new weapon is emerging on the horizon:
nanotechnology. Furthermore, this review will explore the
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emerging role of nanoparticles (NPs) as a promising strategy to
combat AMR pathogens, highlighting their various types, for-
mulations, and proposed mechanisms of antimicrobial action.
We will also elaborate on the synergistic effects observed when
NPs are combined with conventional antibiotics, emphasising
how such combinations enhance targeted delivery and promote
effective bacterial cell disruption. This field holds immense
potential to combat AMR through various strategies, offering
hope for the future of medicine. Moreover, this review highlights
recent advances in the design and application of NPs and
nanocomposites (NCs) aimed at tackling antibiotic-resistant
and biofilm-producing bacteria. As a rapidly evolving interdisci-
plinary field, it merges insights from materials science, micro-
biology, nanotechnology, and AMR, with a particular focus on
microbial biofilm dynamics. We also discuss cutting-edge nano
formulation strategies for conventional antimicrobial agents
that enhance their therapeutic performance. This comprehen-
sive overview is intended to support a broad audience of
researchers working in biomaterials, biomedical nanotechnol-
ogy, infection control, and the development of improved thera-
pies for managing persistent and chronic wound infections.
Prior literature has largely concentrated on a limited range of
nanoparticle materials. This work provides a comprehensive
analysis of developments in nanoparticle technologies encom-
passing a wider array of materials and offers a comparative
perspective with conventional methodologies, an approach not
addressed in earlier work. Moreover, this review uniquely adopts
a one health framework, emphasizing the interconnectedness of
human, animal, and environmental health in the context of
AMR. This multidisciplinary perspective is often lacking in
existing reviews, which tend to focus on either clinical
or material science aspects in isolation. By bridging the
gaps between public health, microbiology, and nanoscience,
we aim to provide a holistic understanding of how nanotechnol-
ogies can be strategically leveraged across sectors to
combat AMR.

1.1 Development of AMR

Some bacteria inherently possess resistance to antibiotics®
due to altered membrane structure without any mutation.
These modifications prevent antibiotics from interacting with
or penetrating the membrane, rendering them ineffective.
Gram-negative bacteria, in particular, exhibit higher resistance
compared to Gram-positive bacteria due to their outer
membrane®”*® which restricts the penetration of large antibio-
tics through its small pores. Another form of intrinsic resis-
tance arises when bacteria lack specific membrane ligands,
preventing antibiotics from attaching to and deactivating the
bacteria.>® However, bacteria can also acquire resistant traits
through two other mechanisms: chromosomal mutations or
gene transfer. Chromosomal mutation involves irreversible
changes in the bacterial genome. When exposed to antibiotics,
bacteria undergo evolutionary adaptation due to environmental
pressures. Mutations that confer resistance traits are positively
selected within bacterial populations and passed vertically to
subsequent generations.’® Over time, these mutations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accumulate, providing robust resistance or even immunity
against antibiotics. Certain species may develop resistance
more rapidly based on their genomic mutation rates.*’ More-
over, if two antibiotics share similar structures or mechanisms
of action, a mutation conferring resistance to one antibiotic can
confer resistance to the other as well'® leading to the simulta-
neous development of multiple antibiotic resistances.

AMR can also spread through HGT. When two different
strains of bacteria coexist in the same microenvironment,
genetic elements from one strain can be passed to the other
independent of reproduction.'® Transferable genetic elements
include plasmids, phages and transposons.’” Research has
found that, unlike vertical inheritance, HGT does not require
positively selecting environments and can occur in the absence
of antibiotics.*®* HGT occurs through three pathways: transfor-
mation, transduction and conjugation. In 1928, it was demon-
strated that certain bacteria possess the ability to uptake and
express extracellular fragments of DNA.** This process, called
transformation, allows the indirect exchange of genes between
bacteria. The fragments involved are chromosomal and are not
part of any transferable genetic elements. This ability has been
observed in approximately 1% of bacterial species.>® On the
other hand, transduction and conjugation occur exclusively
through transferable genetic elements.”® Transduction occurs
when an infecting bacteriophage accidentally uptakes bacterial
plasmid or chromosomal DNA alongside the phage DNA. Upon
infecting a new cell, the bacteriophage transfers the bacterial
genes it has picked up to the host.?® Several studies have shown
that genes conferring resistance against antibiotics can be
spread through transduction.?”%

Conjugation facilitates the transfer of genes between bac-
teria through direct cell-to-cell contact via surface pili. Genes
are transferred in the form of plasmids, which are collections of
functional genes capable of self-replication organized into
stable structures. Conjugative plasmids contain a distinct
DNA segment known as the origin of transfer (oriT), which
allows for the transfer of plasmids.*® Once inside the recipient
bacterium, these plasmids are expressed, allowing new traits to
be inherited. Many genes responsible for antibiotic resistance
have been identified on plasmids, facilitating their spread
through conjugation.*’

1.2 Mechanism of AMR

1.2.1 Modification of membrane permeability. Antibiotics
like B-lactams exert their effects by penetrating bacterial cells
through the outer membrane. A common resistance mechanism
involves reducing the permeability of this outer membrane.
Antibiotics typically enter by utilising the porin family of pro-
teins, which are embedded in the outer membrane. Numerous
studies have shown that these proteins are often downregulated
or modified with increased selectivity in resistant bacteria.*"*> In
contrast, bacteria like Pseudomonas aeruginosa form aggregates
within self-produced matrices called biofilms. These biofilms
consist of lipids, polysaccharides, and proteins, providing robust
resistance against multiple antimicrobial agents.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.2.2 Efflux pumps. Efflux pumps are naturally occurring
structures in bacteria that are responsible for the excretion of toxic
compounds from within the cells. Through mutations, these
pumps can adapt to specifically target antimicrobial molecules,
enabling the rapid removal of these substances and thwarting
their effects effectively.** Efflux pumps can target numerous
antimicrobial agents, and mutated efflux pump genes can spread
to other bacterial species via gene transfer mechanisms.

1.2.3 Enzymatic inactivation. In addition to preventing
antibiotic molecules from entering the cell, bacteria can
develop resistance by directly modifying the antibiotics them-
selves, a process known as enzymatic inactivation. Several
enzymes, including carbapenemases, B-lactamases and others,
can hydrolyse various classes of antibiotic molecules, rendering
them inactive.*® A more common form of modification is the
addition of functional groups to the antibiotics, which inhibit
binding via steric hindrance. These enzymes, such as acyltrans-
ferases and phosphotransferases, form the largest family of
resistance enzymes, collectively called group transferases.*

1.2.4 Target site modification. Antibiotics exhibit high
specificity for their target sites, and any changes to these targets
can hinder effective binding (Fig. 1). Such modifications can
take place in a multitude of ways. For example, rifampin is an
antibiotic that binds to the 8 subunit of RNA polymerase enzymes.
A single point mutation in the rpoB gene, which encodes RNA
polymerase B, can alter the amino acid sequence, preventing
rifampin from binding effectively and thus blocking its action.*®
Alterations can also occur through post-transcriptional modifica-
tion of target proteins. Erythromycin ribosome methylase (erm)
genes encode a family of enzymes that methylate a single nucleo-
tide of the 23S rRNA in the 50S subunit of bacterial ribosomes.
This modification confers resistance to macrolide and lincosa-
mide antibiotics, which bind to the 23S rRNA.*”

2. AMR from a one health perspective

AMR represents one of the most pressing challenges in global
health, and it is a prime example of why a one health approach
is urgently needed.*® The one health concept is a multidisci-
plinary and collaborative framework that recognizes the intri-
cate link between human health, animal health, and the
environment, aiming to develop integrated strategies to
address complex health threats. The rise and spread of AMR
are deeply rooted in interconnected sectors ranging from
human healthcare and veterinary medicine to agriculture and
environmental contamination.*®*° Inappropriate and excessive
use of antibiotics across these domains such as prophylactic
use in livestock, overprescription in human medicine, and
antibiotic pollution in soil and water systems has collectively
accelerated the development of resistant microbial strains.>
Historically, the roots of the one health approach can be
traced back to the 19th century, when Rudolf Virchow intro-
duced the term zoonosis, highlighting the relationship between
animal and human diseases. This foundation was later
strengthened by Calvin Schwabe’s concept of “one medicine”,

Mater. Adv., 2025, 6, 6612-6647 | 6615
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Fig. 1 Schematic representation of common antibiotic targets and the corresponding bacterial resistance mechanisms. The left panel illustrates key
cellular targets of antibiotics within bacterial cells, including the cell wall (targeted by B-lactams and vancomycin), cell membrane (targeted by daptomycin),
DNA gyrase (inhibited by aminocoumarins and fluoroquinolones), RNA polymerase (targeted by rifamycin and ansamycin), folate synthesis pathway
(inhibited by sulfonamides), and protein synthesis machinery (targeted by agents like streptomycin and tetracycline). The right panel depicts major resistance
strategies employed by bacteria to evade antibiotic effects, such as enzymatic inactivation of drugs, enhanced efflux pump expression to expel antibiotics,
target site modification, reduced membrane permeability preventing drug entry, and accumulation of targeted genetic mutations. Together, these elements
highlight the interplay between therapeutic intervention and microbial adaptation, underscoring the challenges in combating AMR.

emphasizing the integration of veterinary and human health
disciplines. The modern one health agenda gained momentum
following the 2004 Wildlife Conservation Society’s Manhattan
Principles, which called for cross-sectoral efforts to address
emerging infectious diseases and ecosystem health.>”

In the context of AMR, the one health approach brings
much-needed clarity to how resistance genes and resistant
organisms circulate among humans, animals, and the environ-
ment. For instance, antibiotic use in livestock for growth enhance-
ment and disease control can lead to the emergence of resistant
bacteria in animals, which may then be transferred to humans
through direct contact or the food chain. Likewise, misuse in
clinical settings such as incorrect prescriptions, incomplete treat-
ment courses, and patient non-compliance can promote the survi-
val and spread of resistant strains.®> Moreover, environmental
reservoirs, particularly water bodies contaminated by pharmaceu-
tical effluents, agricultural runoffs, and untreated sewage, serve as
breeding grounds for resistance genes. These genes can be hor-
izontally transferred among bacteria via mobile genetic elements,
increasing the pool of resistant organisms across ecosystems. This
microbial gene exchange can occur across species and habitats,
creating a global AMR network that transcends geographical and
biological boundaries.

The cumulative effect of these interactions has made the
prevention and treatment of bacterial infections increasingly

6616 | Mater. Adv., 2025, 6, 6612-6647

difficult. Addressing this multifaceted threat requires coordinated
action involving healthcare providers, veterinarians, environmental
scientists, researchers, policymakers, and public health authorities.
This review emphasizes that AMR cannot be tackled in isolation
within any single sector. Instead, it must be approached through
integrated, cross-disciplinary efforts that reflect the one health
ethos where collaboration between human, animal, and environ-
mental health sectors becomes the foundation for sustainable and
effective AMR mitigation strategies. Fig. 2 highlights the complex
exchange of resistant pathogens and resistance genes among
humans, animals, farming systems, water sources, environmental
reservoirs, and vectors. Key routes include hospital and community
waste contributing to environmental contamination, sewage affect-
ing water supplies, and the potential for transmission through food
consumption, animal waste, irrigation, and direct contact with
contaminated vectors. This multi-directional flow emphasizes the
necessity for integrated surveillance and cross-sectoral collabora-
tion to mitigate AMR emergence and spread.>

3. Current approaches to combating
AMR

The increasing prevalence of AMR is a pressing concern for
governmental and international bodies. Heightened awareness

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration of the interconnected transmission pathways of AMR within the one health framework (reproduced with permission from

ref. 54, @ 2018, Springer Nature).

of this issue has spurred significant efforts to develop methods
aimed at preserving the effectiveness of antimicrobials. This
section will explore several conventional approaches currently
under study as potential solutions, discussing their advantages
and limitations.

3.1 Novel drug discovery

Following the discovery of penicillin, a wide array of antimi-
crobial agents were swiftly developed and integrated into
medical practice, marking the ‘golden age of antibiotics’ that
persisted until the 1960s. Progress slowed considerably there-
after, with few new antibiotic classes identified until the
introduction of oxazolidinones and lipopeptides in the early
2000.>° Presently, most newly developed antibiotics either
belong to existing classes (e.g., dalbavancin, ceftaroline) or
are combinations of established molecules.>®

Identifying novel antibiotic classes has become increasingly
challenging, and the creation of entirely new antibiotic mole-
cules has markedly declined. A report by the Infectious
Diseases Society of America noted a 75% reduction in antibiotic
approvals by the US Food and Drug Administration from 1983
to 2007.°” This has been linked to several reasons, of which
economic cost is a primary concern. The cost for research on
new antibiotic classes is significant and has the potential for
failure, due to which investing in such research carries a high
risk for pharmaceutical industries. Consequently, many are
focusing instead on strategies to enhance the efficacy of

© 2025 The Author(s). Published by the Royal Society of Chemistry

existing antibiotics, and some of these approaches show pro-
mising results.

3.2 Combination drug therapy

Combination drug therapy (CDT) involves simultaneously using
multiple distinct antimicrobial drugs to treat a single infection.
Research indicates that using antibiotic agents in combination
enhances efficiency, reducing the likelihood of bacteria developing
resistance mechanisms.*®* CDT has several other advantages over
traditional single-antibiotic monotherapy. By combining drugs, a
broader spectrum of species can be targeted, which is advanta-
geous when the infectious agent is unidentified. Moreover, lower
concentrations of each drug are needed, decreasing the risk of side
effects and toxicity.” The selection of drugs plays a critical role
in the effectiveness of CDT. If the antibiotics employed share
identical or similar mechanisms, resistance developed against one
could confer resistance to others. Hence, the antibiotics used in
CDT must target distinct targets across different pathways, differ-
ent aspects within a single pathway, or unique facets of a common
target molecule.**®" However, this technique comes with a few
drawbacks. Antibiotic molecules can interact unpredictably, caus-
ing unforeseen side effects and complications during treatment.
Moreover, a meta-analysis of randomized controlled trials compar-
ing B-lactam monotherapy and combination therapy found that
while combination therapy had a lower treatment failure rate, it
was also associated with higher mortality and fungal superinfec-
tion rates.®”

Mater. Adv,, 2025, 6, 6612-6647 | 6617
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3.3 Bacteriophage-based therapy

Bacteriophages are viruses that specifically infect bacteria and
are bactericidal in nature. These phages inject their genetic
material into the host bacterium, where it replicates to form new
phages. Upon maturation, these phages release lytic proteins that
rupture the bacterial cell. Bacteriophages were first discovered in
1917% and were quickly recognized as potential therapeutic
agents. Subsequent trials began to assess the feasibility of using
phages in clinical settings. Unlike traditional antibiotics, which
have a broad spectrum of activity, bacteriophages bind exclusively
to specific receptors on bacterial cells, unique to each bacterial
species. This highly host-specific action preserves beneficial bac-
teria in the gut and other microbiomes, which are often disrupted
by antibiotic treatments.** Due to their self-replicating nature,
even lower concentrations of phages are sufficient for the treat-
ment. This allows the usage of smaller dosages, which reduces the
risk of immunogenic responses.®’ Furthermore, since a single
bacteriophage can lyse a single bacterial cell, there is no MIC for
the treatment to be effective. Nevertheless, bacteria can still evolve
resistance to bacteriophages, similar to antibiotics, by inhibiting
different life stages of the virus.®®

The incorporation of bacteriophages into clinical treatment
is hindered by their narrow host range. Identification of the
infecting bacterial strain is necessary before phage therapy can
be administered, unlike traditional antimicrobial agents that
can be applied more broadly. Moreover, bacteriophages are
specific to individual bacterial species, necessitating a mixture
of phage species for the treatment of multiple bacterial infec-
tions. Currently, the use of bacteriophages in clinical settings is
subject to numerous government regulations, due to which the
scope for research on phage therapy is limited.®®

3.4 Antimicrobial adjuvants

Adjuvants are compounds that enhance the efficiency of anti-
biotics by increasing the susceptibility of target cells. Typically,
adjuvants are devoid of antimicrobial activity themselves;
instead they suppress bacterial resistance mechanisms.®” Given
the declining rate of new antimicrobial drug discoveries, there
is growing interest in exploring adjuvants to augment the
effectiveness of existing antibiotics. Adjuvants function by
reversing or neutralizing the effects of resistance genes, thereby
allowing antibiotics to act unhindered. Compounds like clavu-
lanic acid and quercetin inhibit resistance enzymes such as
B-lactamases and aminoglycoside phosphotransferases.®®®’
Certain p-amino acids can disrupt biofilm formation and dis-
mantle existing biofilms.”® Other observed methods of action
include enhancing cellular uptake of antibiotics, inhibiting
efflux pumps, and inducing oxidative stress in bacteria.®!
Despite promising outcomes, discovering new adjuvant
molecules remains challenging. Identifying compounds that
effectively target specific resistance mechanisms is both time-
consuming and costly. Moreover, like combination drug ther-
apy, interactions between adjuvants and antibiotics can lead to
adverse side effects.”! Therefore, intermolecular interactions
must be thoroughly studied prior to clinical application. These
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challenges currently limit the widespread use of antimicrobial
adjuvants.

3.5 Antimicrobial peptides

Antimicrobial peptides (AMPs) encompass a diverse group of
natural peptide chains and proteins that exhibit antimicrobial
properties. AMPs are found in virtually all organisms, and are
integral components of the innate immune system, with bac-
tericidal action against foreign pathogens. In addition to their
antimicrobial capabilities, these proteins can bolster host
immune responses against infections.”> The discovery of AMPs
dates back to 1939 with the isolation of gramicidin from
Bacillus bacteria, which was shown to effectively prevent pneu-
mococcal infections in mice.”> AMPs are typically short
(<50 amino acids), highly hydrophobic, and carry net positive
charges; hence, they are also referred to as cationic host
defense peptides (CHDP).”* Most AMPs have a broad range of
action, targeting most microorganisms, including bacteria,
viruses and fungi.

Bacterial cell membranes, characterized by a negative charge
from lipopolysaccharides and lipoteichoic acids, attract cationic
antimicrobial peptides through electrostatic interactions. Once
attached, the peptides penetrate the membrane due to their
hydrophobic nature, increasing membrane permeability and lead-
ing to cell lysis.”> AMPs may also disrupt the cytoplasmic
membrane using similar mechanisms. Studies indicate that cer-
tain AMPs interfere with internal bacterial processes such as cell
wall synthesis.”® AMPs have also been shown to have antiviral
properties, by inhibiting viral entry to cells or disruption of viral
envelope and membranes.”” Furthermore, AMPs can stimulate
the host immune system through various mechanisms. For
instance, AMPs like cathelicidin act as a chemoattractant, recruit-
ing immune cells such as leukocytes and neutrophils.”” Cathe-
licidin and hepcidin also promote the production of chemokines,
which enhance the neutrophil response.”*”® Wuerth et al
reported the ability of the peptide IDR-1002 to regulate P. aerugi-
nosa lung infections and related inflammations.*® Other AMPs
have been found to influence cytokine-mediated pathways
through inhibition of pro-inflammatory cytokines, enhance pha-
gocytosis activity in macrophages, and indirectly facilitate recruit-
ment of leukocytes.”

Research indicates that the development of AMP resistance
mechanisms is rare, as they act on multiple targets fundamen-
tal to the cell structure.”® Experiments performed on multidrug-
resistant bacteria by Veldhuizen et al. found that when AMP
resistance does develop, it is temporary and not retained by
subsequent generations in the absence of AMPs, suggesting
that the development of major resistance is improbable.®!
Furthermore, while resistance between different AMPs has
been reported, studies indicate that the emergence of cross-
resistance between antibiotics and AMPs is unlikely to occur.®?
Despite these advantages observed in vitro, only a few antimi-
crobial peptides have gained clinical approval from the US Food
and Drug Administration (FDA).** This is mainly due to the
proteins’ low stability and their limited tolerance for salts and
other human physiological compounds, which inhibit their
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efficacy in vivo.** Consequently, there is considerable interest in
developing synthetic AMPs with enhanced stability. Studies
have also highlighted the potential of AMPs to act as adjuvants
alongside antibiotics.®® Fig. 3 provides a comprehensive chron-
ological overview of the development of antibiotics, emergence
of resistance, and the introduction of alternative therapies. The
timeline begins with the early discovery of penicillin in 1928
and tracks the “golden age of antibiotics” between the 1940s
and 1960s, characterized by the introduction of broad-spectrum
antibiotics such as streptomycin, tetracycline, and vancomycin.
However, following this prolific period, there was a notable
decline in the discovery of new antibiotic classes, coinciding
with the increasing emergence of resistant bacterial strains
such as methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus (VRE). Fig. 3 also highlights
the parallel evolution of alternative therapeutic strategies,
including phage therapy, antimicrobial peptides, NPs, and
monoclonal antibodies, which align with the growing urgency
to combat AMR. The rise of extensively drug-resistant patho-
gens in the early 2000s further reinforces the pressing need for
novel interventions. Recent advances, such as the development
of NPs for antimicrobial drug delivery and successful persona-
lized phage therapies, exemplify the integration of nanotech-
nology into the broader one health strategy against AMR.

Early discoveries Golden age of antibiotics
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4. Nanotechnology-based approaches
to AMR

Nanotechnology involves the study and synthesis of materials
whose dimensions range between 1 nm and 100 nm, known as
NPs. Within this size range, materials exhibit unique biological
and chemical properties that can be harnessed for various
applications.”® NPs offer several advantageous properties that
position them as promising alternatives to conventional anti-
biotics. Their physicochemical characteristics, such as size,
shape, surface charge, and composition, significantly influence
their interactions with both microbial pathogens and host
tissues.”"°® Notably, NPs with smaller dimensions exhibit a
higher surface area-to-volume ratio, enhancing their ability to
interact with bacterial membranes and penetrate host tissues,
thereby improving antimicrobial efficacy and targeted delivery.
The shape of NPs also plays a critical role; for instance, rod-
shaped particles often demonstrate superior cellular penetra-
tion compared to spherical ones. Surface charge further dic-
tates biological interactions - positively charged NPs are more
likely to bind to negatively charged bacterial membranes,
leading to membrane disruption and cell death. Additionally,
surface charge can affect cellular uptake by host cells. The
material composition of NPs, whether metallic or organic, along

Downfall in new discovery Rise of antimicrobial resistance
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Fig. 3 Timeline illustrating the evolution of antibiotic discovery, emergence of AMR, and the development of alternative therapeutic strategies. The
upper panel highlights four distinct phases in antibiotic development: (i) early discoveries including the use of mold for wound healing and the discovery
of penicillin in 1928, (ii) the “golden age of antibiotics” (1935-1960) characterized by the introduction of multiple broad-spectrum antibiotics such as
sulfonamides, tetracyclines, and rifampicin, (iii) a decline in new antibiotic development from the 1970s to the 1990s despite the emergence of drugs like
gentamycin and ciprofloxacin, and (iv) a modern phase (2000 onward) marked by the rise of AMR and the approval of last-resort or combination
antibiotics like linezolid, tigecycline, and ceftazidime/avibactam. The lower panel tracks the parallel rise of resistance, such as penicillin-resistant
Staphylococcus in 1940, methicillin-resistant strains in the 1960s, and vancomycin-resistant Enterococcus by 1988. It also presents alternative AMR
combating strategies, including the advent of phage therapy (1921), antimicrobial peptides (1939), NPs (1985), monoclonal antibodies (1998), and
antibiotic—antibody conjugates (1994). Recent advancements include successful personalized phage therapy (2017) and nanoparticle-based drug
delivery systems (2015), underlining innovative responses to the escalating AMR crisis. This figure underscores the urgent need for integrated strategies in
the face of stagnating antibiotic discovery and growing resistance. Referenced from.”*86-92
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with surface modifications such as conjugation with antibodies,
peptides, or other functional groups, can modulate their antimi-
crobial performance, enhance biocompatibility, and reduce cyto-
toxicity. Nanotechnology is increasingly being applied in medicine
to address the growing challenge of drug resistance, particularly
through the targeted delivery of therapeutic agents. Notably, NPs
composed of metals such as gold, silver, and zinc oxide (ZnO) have
demonstrated significant efficacy against antibiotic-resistant bac-
teria, including strains like MRSA, Pseudomonas aeruginosa, Kleb-
siella pneumoniae, and Escherichia coli. The use of NPs for
antimicrobial delivery offers several key benefits: enhanced bioa-
vailability at the site of infection, reduced systemic toxicity, and the
ability to maintain therapeutic concentrations even at lower doses,
thereby minimizing side effects and slowing resistance develop-
ment. Certain NPs, such as silver, selenium, and engineered
carbon dots, demonstrate antimicrobial properties.’” This antimi-
crobial activity includes a wide range of targets, including inhibi-
tion of biofilm formation,”® release of reactive oxygen species
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(ROS), inhibition of mRNA transcription and disruption of cell
membranes (Fig. 4).°° Moreover, NPs serve as effective carriers for
antibiotics due to several advantageous characteristics. They are
resistant to AMR mechanisms, thus shielding the drug from
inhibitory processes. Their small size facilitates easy uptake by
bacteria through phagocytosis, ensuring rapid action. Further-
more, targeting NPs to specific receptors allows for localized
antibiotic delivery, minimizing potential side effects."® Studies
have shown enhanced antibiotic efficacy when combined with
various types of NPs.'” Ongoing research explores NPs as a
promising strategy to combat AMR. This section will discuss
notable types of NPs currently under investigation for this purpose.
Table 1 contains detailed information about the antimicrobial
activity of some well-known nanomaterials.

4.1 Chitosan

Chitosan (CS) is a natural biopolymer composed of a linear

polysaccharide chain, which can disrupt bacterial cell

Liposome

Quantum Dots | \
£

Hydrogel
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Fig. 4 Schematic representation highlighting the various types of hanomaterials and their antimicrobial modes of action against resistant pathogens.
The upper semicircle illustrates diverse nanomaterial platforms including metallic NPs, liposomes, quantum dots, hydrogels, dendrimers, mesoporous
silica NPs, polymeric NPs, and others, each possessing unique physicochemical properties that contribute to antimicrobial activity. The lower semicircle
summarizes the primary mechanisms by which these nanomaterials exert antimicrobial effects. These include (i) destabilization of microbial membranes,
(i) inhibition of essential enzymes, (iii) interaction with and binding to cellular components, (iv) interference with bacterial efflux pump systems,
(v) disruption of the electron transport chain (ETC), and (vi) generation of ROS, leading to oxidative stress and DNA damage. Collectively, these
multifaceted mechanisms enable nanomaterials to combat drug-resistant microorganisms effectively, offering promising alternatives to conventional
antibiotics in the fight against AMR.

6620 | Mater. Adv, 2025, 6, 6612-6647 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00487j

Open Access Article. Published on 05 2025. Downloaded on 21.4.2026 08:03:14.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

membranes. It is obtained by the alkaline or enzymatic deace-
tylation of chitin, a biopolymer found in crustacean exoskele-
tons. The deacetylation process creates C, amino acids, which
are positively charged under acidic conditions (below pH
6.5)."9% These positively charged groups interact with the
negatively charged lipopolysaccharides and lipoteichoic acids
present in bacterial membranes, increasing their permeability
and causing leakage of cellular contents.'® The increased
permeability allows CS to penetrate the cell membrane, where
it binds to microbial DNA and inhibits protein synthesis by
blocking mRNA transcription.'®* Experiments conducted by
Y. Ma et al. suggest that CS also inhibits the action of metallo-
proteins by chelation of metal ion cofactors, which are neces-
sary for microbial growth and proliferation.'® At lower
concentrations, CS demonstrates bacteriostatic activity rather
than bactericidal effects. As the negative charge of the cell
membrane is highly conserved in both Gram-positive and
Gram-negative bacteria, the development of resistance against
CS is considered improbable.’® However, this antibiotic activity
of CS is reliant on numerous factors, including solubility and
pH, and is unreliable under variable conditions.'®

Numerous studies have demonstrated the antiviral and
antifungal properties of CS as well.'”” In the NP scale, CS has
a high surface charge-to-volume ratio. This increases its affinity
for bacterial membranes, resulting in higher penetration.
Yadav et al. reported a sensitive, non-invasive, and label-free
strategy for detecting trace amounts of norfloxacin (NF) in
human urine using a nanocomposite composed of nanostruc-
tured yttrium oxide (nY,O;3) and CS. The composite material
was synthesized via a low-temperature, single-step hydrothermal
method, offering a straightforward and cost-effective approach
for fabricating the sensor platform.’®® CS NPs were shown to
have more antimicrobial activity than normal CS and certain
antibiotics, including doxycycline.'” CS’s polymeric nature
allows it to be shaped into nanostructures as desired to improve
the delivery mechanism. In addition, augmenting polymeric
NPs with antibiotic molecules or other NPs allows them to be
released in a controlled, targeted manner.'® These composite
structures also show a greater inhibitory effect on microbes
than their components. Ibrahim et al demonstrated that CS
NPs loaded with gentamycin sulphate, ciprofloxacin HCIl, and
tetrachlorocycline increased the zone of inhibition of the anti-
biotics against E. coli and S. aureus by 16.5 mm, 15.5 mm and
7-10 mm, respectively.'® In addition, Sobhani et al. found that
ciprofloxacin-loaded NPs have a 50% lower MIC than regular
ciprofloxacin (CPX)-HCl molecules."’® Another study showed
that the addition of CS to silver molecules increased the dia-
meter of the inhibition zone against bacteria by approximately
15 mm, saturating at 70% CS content."®® Fayed et al. conducted
an experiment demonstrating that amoxicillin, when encapsu-
lated within CS NPs, exhibited a biphasic release profile, with
approximately 33% of the drug released within the first 2 hours
and an additional 33% released over the subsequent 70 hours''*
[Fig. 5(2)]. Recently, CS has also been reported to enhance the
antimicrobial activity of cloxacillin,'"> dihydroartemisinin**®
[Fig. 5(1)], and ampicillin™* against methicillin-resistant
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S. aureus strains. CS also acts as a carrier and stabilizer for
copper-containing NPs and nitric oxide-releasing NPs.''> Among
all polymeric NPs being studied, CS has demonstrated the
greatest potential for use against AMR. CS NPs were found to
increase the efficacy of B-lactam antibiotics and p-lactamase
inhibitors against B-lactam resistant pathogens.''® Polymeric
CS is already used in a variety of medical, agricultural and
pharmaceutical fields; however, CS NPs are yet to be approved
for clinical use.""”

4.2 PLGA NPs

PLGA (poly[lactic-co-glycolic] acid) is a synthetic polymer fre-
quently used for synthesizing NPs. When hydrolyzed, PLGA
degrades into lactic acid and glycolic acid, which can be
metabolized by human bodies. Hence, it is considered to be
biodegradable and biocompatible as well.'*® Studies have
shown that PLGA NPs are not cytotoxic to macrophages and
other immune cells’**"*° [Fig. 6(1)]. Due to these properties,
PLGA is frequently used for drug delivery in clinical trials,
particularly for targeting intracellular infections. Alsa’d et al.
successfully utilized PLGA NPs to deliver ciprofloxacin and
ceftazidime to macrophages infected with Staphylococcus aur-
eus and Klebsiella pneumoniae.'”" Sabaeifard et al. demon-
strated that amikacin-loaded PLGA NPs provide sustained
release for up to 9 hours after incubation in vitro, effectively
delivering the drug in a controlled manner without a significant
reduction in activity."'® PLGA NPs have also been successful in
targeting and delivering gentamicin, which typically has poor
cell penetration, to organs affected by brucellosis'®* and in
treating K. pneumoniae infections'** [Fig. 6(2)]. Other antibiotics
demonstrating enhanced antimicrobial activity when delivered
using PLGA include CPX'** [Fig. 7(1)], rifampicin'*® [Fig. 7(2)],
azithromycin'**'*" [Fig. 6(4)], nafcillin and sparfloxacin.'*®
Furthermore, PLGA NPs can be functionalized to improve the
specificity of delivery and disassemble biofilm obstructions.
Baelo et al. showed that ciprofloxacin-loaded PLGA NPs function-
alized with the enzyme DNase I were able to eradicate
up to 95% of established P. aeruginosa biofilms, and repeated
administration eradicated up to 98%"® [Fig. 6(3)]. PLGA NPs
have demonstrated stability under varying pH and temperature
conditions; however, long-term stability studies are still
ongoing."®® Numerous studies have found that antibiotics deliv-
ered using PLGA NPs are protected from bacterial resistance
mechanisms."?>"%"*' The US Food and Drug Administration
and the European Medicine Agency have approved the use of
PLGA NPs for parenteral administration of antibiotics."*

4.3 Liposomes

Liposomes are vesicles consisting of one or more types of lipid
bilayers enclosing a spherical aqueous cavity. They are one of
the most extensively studied NPs for drug delivery. By adjusting
the concentration of different lipids in the liposome, properties
such as surface charge, size, membrane fluidity and stability
can be tailored as desired, offering significant flexibility in
optimizing the delivery mechanism."*> The outer surface can
be positively, negatively or neutrally charged. Positively charged
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