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ARTICLE INFO ABSTRACT

Keywords: Antimicrobial resistance (AMR) is one of the most pressing global health challenges, with approximately 700,000
Antimicrobial resistance deaths annually directly attributable to resistant bacterial infections. This alarming trend threatens to undermine

CRISPR-Cas systems
Nanotechnology
Bacteriophage therapy
Precision medicine

decades of medical progress. The widespread misuse and overuse of antibiotics have accelerated the emergence
of multidrug-resistant (MDR) pathogens, leading to increased morbidity, mortality, and healthcare costs. This
review examines the intricate mechanisms underlying the development of AMR and discusses innovative next-
generation therapeutic strategies and emerging approaches for combating resistant pathogens. CRISPR-based
antimicrobials demonstrated over 90 % in vitro efficacy in selectively eliminating MDR pathogens.
Nanotechnology-based solutions, such as those utilizing silver and gold nanoparticles, have demonstrated potent
bactericidal activity in preclinical settings; however, toxicity and regulatory concerns persist. Bacteriophage
therapy and antimicrobial peptides (AMPs) are advancing through early clinical trials, offering targeted activity
and immune-modulating effects. Artificial intelligence (AI)-driven drug discovery has already been clinically
integrated, accelerating the design of antibiotics and predicting resistance with high efficiency. Comparative
analysis reveals that Al tools possess the highest readiness level, while CRISPR and AMPs are promising but
remain in early development stages. These emerging strategies collectively present significant potential to
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complement or replace conventional antibiotics in addressing AMR. Despite their potential, these technologies
face significant implementation challenges, including technical limitations, economic barriers, ethical consid-
erations, and regulatory complexities. This review emphasizes the critical need for multidisciplinary collabo-
ration, sustainable funding models, and global policy frameworks to effectively translate these innovations into
clinical practice. The AMR crisis can only be addressed through international collaboration, combining scientific
innovation and supportive policy environments.

1. Introduction

Antimicrobial resistance (AMR) refers to the ability of microorgan-
isms, particularly bacteria, to withstand the effects of drugs that kill or
inhibit them. This resistance makes many commonly used antibiotics
ineffective, making infections more difficult or even impossible to treat,
posing a significant threat to public health. This represents a complex
and multifaceted challenge that threatens to undermine decades of
medical progress in the treatment of infectious diseases [1-6]. AMR is
recognized as a global health emergency, with resistance detected in all
antibiotics currently in clinical use and only a few novel drugs in the
pipeline [7]. The magnitude of the AMR crisis cannot be overstated, as it
is responsible for increasing global morbidity and mortality, with
antibiotic-resistant bacteria currently causing approximately 700,000
deaths annually [5,6]. Projections suggest that this figure could rise
dramatically, reaching an estimated 10 million deaths annually by 2050
if left unchecked. The rise of multidrug-resistant (MDR) pathogens, such
as the ESKAPE group (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species), has led to life-threatening infections and a
"post-antibiotic era" in which existing antibiotics are often ineffective [3,
6,8]. The consequences include longer hospitalization, higher health-
care costs, and limited treatment options [5].

The emergence of resistant bacterial strains is significantly acceler-
ated by the misuse and overuse of antibiotics in both human and vet-
erinary medicine. Inappropriate prescribing, over-the-counter
availability, and excessive use in agriculture contribute to the selective
pressure that favors resistant organisms [2,5]. In addition to these
external factors, bacteria can develop resistance through spontaneous
genetic mutations, including point mutations, deletions, and insertions
that may modify drug targets or disrupt essential metabolic pathways,
rendering antibiotics less effective or entirely ineffective [1,7]. Resis-
tance can also spread rapidly through horizontal gene transfer, which
involves the exchange of genetic material via plasmids, transposons, and
bacteriophages. This mechanism enables bacteria to acquire and
disseminate resistance traits across species and environments, even
among distantly related organisms [1,7].

Traditional antibiotics are increasingly ineffective against resistant
bacteria, and the development of new antibiotic classes has stagnated
over the past two decades [3-8]. This decline in antibiotic development
can be attributed to several factors, including the high cost of drug
development, lengthy regulatory processes, and limited financial in-
centives for pharmaceutical companies to develop new antibiotics [9].
Many available antibiotics are now ineffective against drug-resistant
strains, and current alternatives often serve only as adjuvants rather
than replacements [3,4]. The economic challenges associated with
antibiotic development are particularly significant. Unlike other medi-
cations that patients may take chronically, antibiotics are typically used
for short periods, thereby limiting the potential revenue. Additionally,
the goal of antibiotic stewardship is to use new antibiotics sparingly to
preserve their effectiveness, further reducing the market incentives. The
rapid global spread of AMR and the lack of effective treatments create an
urgent need for innovative therapeutic strategies [6,8,10]. Without new
solutions, the world faces a future in which minor infections could once
again become deadly.

A comprehensive overview of the current understanding of AMR,
focusing on the underlying mechanisms and contributing factors that

drive its emergence and spread, is necessary. By examining the biolog-
ical and environmental influences, this review sheds light on the com-
plex interactions that facilitate resistance in microbial populations. It
also emphasizes the growing limitations of existing antibiotic therapies
and the urgent need for the development of more effective treatment
options [11]. To address these challenges, this review explores a range of
emerging therapeutic approaches, including bacteriophage therapy,
antimicrobial peptides, CRISPR-based interventions, immunomodula-
tors, monoclonal antibodies, and drug repurposing strategies [12]. Each
of these methods offers unique advantages in targeting resistant path-
ogens and represents a promising direction for the development of
next-generation antimicrobials. Furthermore, this review discusses the
role of advanced technologies such as genomics, artificial intelligence,
and nanotechnology that are increasingly integrated into research and
clinical practice to improve diagnostics, surveillance, and treatment
strategies. These innovations have the potential to revolutionize AMR
management globally [13].

This review uniquely integrates diverse next-generation therapies
such as CRISPR, nanotechnology, Al, AMPs, and phage therapy within a
multidisciplinary context. Unlike prior reviews, it examines technolog-
ical synergies, translational challenges, regulatory barriers, and public
health policy linkages. It also highlights recent clinical advances, syn-
thesizes updated data (2015-2024), and proposes strategic frameworks
for future AMR intervention development. Thus, this study aims to
explore emerging technologies and innovative approaches for
combating AMR by providing a comprehensive narrative review of next-
generation therapeutic strategies against AMR.

2. Methodology

This narrative review provides a comprehensive overview of
emerging technologies and innovative approaches to combat AMR. A
systematic search strategy was employed to identify relevant literature
from multiple electronic databases, including PubMed, Web of Science,
Scopus, and Google Scholar. The search encompassed publications from
January 2015 to December 2024 using a combination of keywords and
Medical Subject Headings (MeSH) terms related to antimicrobial resis-
tance, CRISPR-Cas systems, nanotechnology, bacteriophage therapy,
antimicrobial peptides, artificial intelligence, and novel therapeutic
strategies. Search terms included "antimicrobial resistance," "antibiotic
resistance," "CRISPR," "nanotechnology," "bacteriophage therapy,"
"antimicrobial peptides," "artificial intelligence," "drug discovery," "bio-
film disruption,” "host-directed therapy," "precision medicine," and
"smart drug delivery." Boolean operators (AND, OR) were used to
combine the search terms and refine the results. Additional articles were
identified through manual screening of the reference lists of relevant
reviews and primary research articles.

The inclusion criteria comprised peer-reviewed articles published in
English, studies focusing on innovative antimicrobial technologies and
strategies, research addressing mechanisms of antimicrobial resistance,
clinical trials and preclinical studies of novel antimicrobial approaches,
and review articles providing comprehensive overviews of emerging
technologies. The exclusion criteria were articles published before 2015,
non-English publications, conference abstracts without full-text avail-
ability, duplicate publications, and studies focusing solely on traditional
antibiotic discovery without innovative approaches. Data extraction
involved narrative reviews of the selected articles to identify key
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themes, technological approaches, mechanisms of action, clinical ap-
plications, challenges, and future perspectives. The extracted informa-
tion was synthesized to provide a comprehensive summary that
highlights the current state of knowledge and identifies gaps for future
research. The quality of the included studies was assessed based on the
study design, methodology, and relevance to the review objectives.

3. Next-generation antimicrobial technologies

AMR is a global health crisis caused by antibiotic overuse and abuse,
resulting in the proliferation of resistant microbes. The convergence of
advancing biotechnology and urgent clinical needs has catalyzed the
development of innovative antimicrobial strategies. Demographic shifts,
including an aging population and increased chronic illnesses, further
accelerate resistance. Innovative tools such as CRISPR-Cas, nanotech-
nology, and lytic bacteriophages are being explored to counteract this
growing threat [14].

3.1. CRISPR-based antimicrobials

Clustered regularly interspaced short palindromic repeats (CRISPR)
is a groundbreaking genome-editing technique originally derived from a
bacterial immune defense mechanism [15]. Its programmable nature
enables precise targeting of specific bacteria strains or resistance genes,
making it a promising tool for combating AMR [16]. CRISPR-Cas sys-
tems allow for the selective elimination of MDR pathogens based on
sequence information, offering a highly specific alternative to tradi-
tional antimicrobial approaches to disrupt resistance genes with mini-
mal off-target effects [13]. Fig. 1 illustrates the gene editing process with
CRISPR/Cas9 technology, demonstrating how guided RNAs direct the
Cas9 nuclease to specific target sequences in bacterial genomes,
enabling the precise modification or disruption of resistance genes.
Direct editing of resistance genes is one of the most exciting applications
of CRISPR technology in AMR management. The specificity of
CRISPR-based antimicrobials can help preserve the natural microbiome,
potentially reducing secondary infections and other complications
associated with the use of broad-spectrum antibiotics [17].

Effective delivery of CRISPR systems remains a major challenge,
especially when employing bacteriophages as carriers, which poses
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significant technical difficulties [16]. Nanotechnology-based methods
offer promising alternatives by enabling surface modifications that
enhance targeting specificity [18]. Despite these advances, the lack of
robust in vivo delivery systems continues to hinder the clinical trans-
lation of CRISPR-based antimicrobials. In addition to delivery con-
straints, safety concerns such as immunogenicity and the potential for
off-target effects must be addressed. Ethical considerations also sur-
round the clinical application of gene-editing tools [19]. Furthermore,
while CRISPR-Cas shows strong promise in targeting resistant bacteria,
further research is needed to assess its long-term efficacy and safety.
There are also concerns about bacterial adaptation, as some studies
report that bacteria expressing resistance genes may exhibit reduced
activity of their natural CRISPR-Cas systems, as seen in MDR Shigella
strains [20]. While CRISPR-Cas systems offer a novel and targeted
approach to tackling AMR, overcoming delivery and safety barriers is
essential for their advancement from laboratory research to clinical
application [21].

3.2. Nanotechnology-based antimicrobials

Nanotechnology is crucial for synthesizing new antibiotics by
increasing contact with bacteria and improving bioavailability, ab-
sorption, and mucoadhesion. The unique physicochemical properties of
nanoparticles (NPs), including their high surface-to-volume ratio and
ability to penetrate biological barriers, make them particularly effective
against resistant pathogens [23]. Metal nanoparticles such as silver
(AgNPs), gold (AuNPs), and copper (CuNPs) have received extensive
attention due to their broad-spectrum bactericidal activity. NPs can
disrupt bacterial respiration, generate ROS, and induce structural
damage to the cell wall, contributing to their antimicrobial activity [24].
These mechanisms differ significantly from those of conventional anti-
biotics, reducing the likelihood of cross-resistance. In addition, NPs can
eradicate bacteria through microbicidal or microbiostatic effects,
improve drug solubility, and target viral areas. Nanotechnology-based
therapeutics have demonstrated bactericidal effects in vitro and in
early animal models, but few have advanced beyond the first phase of
trials [25]. Their broad-spectrum efficacy and ability to bypass tradi-
tional resistance mechanisms position them as valuable adjuncts, yet
toxicity concerns and regulatory gaps limit their clinical adoption. In

CRISPR Technology
Gene Editing dCas9-Fokl

dCas9 Fokl
nuclease
dimer
gRNA1 —
;PAMZ
PAM1 gRNA2
Fokl-
mediated
cleavage

Double-stranded break
repaired via NHEJ or HDR

Fig. 1. Gene editing with CRISPR/Cas9, Ahmed, M. (2025). Gene editing with CRISPR/Cas9 [22].
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contrast to CRISPR or phage therapy, nanotechnology shows higher
technological readiness due to its integration in wound dressings and
medical coatings [25].

3.2.1. Synthesis methods and manufacturing of antimicrobial nanoparticles
There are several methods for nanoparticle synthesis, each influ-
encing the resulting particles’ properties and biological activities.

3.2.1.1. Physical method.
1 Laser Ablation Methods

Laser ablation is a top-down physical method that produces high-
purity, surfactant-free nanoparticles by irradiating a solid metal target
in a liquid medium, often water [26]. This process is particularly valu-
able for biomedical applications due to the absence of chemical con-
taminants, making the synthesized nanoparticles biocompatible and less
cytotoxic. One of its primary benefits is the precise control over particle
size and morphology by adjusting laser parameters such as pulse dura-
tion, wavelength, and energy [27]. This method is advantageous for
AMR control because the clean surfaces of the nanoparticles enhance
their interaction with bacterial membranes, leading to improved anti-
microbial effectiveness. However, a major limitation is the low yield and
relatively high operational cost, which can hinder large-scale produc-
tion. Moreover, the need for specialized laser equipment reduces its
accessibility in resource-constrained environments, and its energy effi-
ciency is lower compared to chemical reduction techniques [23].

2 Irradiation-Based Methods

Irradiation-based methods, such as gamma and microwave irradia-
tion, are advanced physical techniques that facilitate the rapid reduction
of metal ions into nanoparticles without relying on toxic chemicals [28].
These methods encourage the formation of nanoparticles with high
crystallinity and surface reactivity, traits that enhance antimicrobial
effectiveness by improving interactions with bacterial membranes and
boosting ROS generation. These techniques are compatible with green
synthesis strategies and can be integrated with plant extracts or bio-
polymers for enhanced biocompatibility [28]. However, limitations
include the requirement for specialized equipment and safety protocols,
which restricts accessibility in low-resource settings, and the potential
for uncontrolled nucleation, leading to polydispersity in nanoparticle
size [29,30].

3.2.1.2. Chemical methods.
1 Chemical Reduction

Chemical reduction is widely used for synthesizing antimicrobial
nanoparticles due to its ability to produce uniformly distributed parti-
cles while minimizing solvent contamination. This method typically
involves a metal precursor, a reducing agent, and a capping agent to
control nanoparticle size and prevent agglomeration. Among its major
advantages are simplicity, low cost, and scalability, making it suitable
for both laboratory and industrial production. However, this method
often requires precise control of reaction conditions such as pH, tem-
perature, and reagent concentrations to ensure consistency and repro-
ducibility [31,32].

2 Electrochemical Synthesis

Electrochemical synthesis is a scalable and cost-effective technique
that enables precise control over nanoparticle size, shape, and compo-
sition by modifying factors such as current density, applied voltage, and
electrolyte concentration [33]. It is suitable for large-scale production of
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metal nanoparticles, particularly for antimicrobial coatings and repro-
ducible drug delivery applications, which is essential for consistency in
biomedical applications [33]. The method also eliminates the need for
chemical reducing agents, thereby minimizing the introduction of toxic
residues. This enhances the biocompatibility of the nanoparticles,
making them suitable for AMR interventions [34]. However, the tech-
nique requires careful optimization, as variations in electrochemical
conditions can lead to inconsistent particle properties or undesirable
by-products [35].

3.2.1.3. Photochemical methods.
1 UV-Initiated Photoreduction and Photo-Induced Reduction

Photochemical techniques like UV-initiated photoreduction and
visible light-induced reduction are bottom-up approaches that utilize
light energy to convert metal salts into nanoparticles, typically in the
presence of stabilizers or capping agents [36]. These methods are
appreciated for their environmental friendliness, as they eliminate the
need for toxic chemicals and function under mild reaction conditions
[37]. Their effectiveness in combating AMR stems from their capacity to
generate ROS and infiltrate bacterial biofilms [38,39]. These materials
demonstrate broad-spectrum antimicrobial effects, including against
MDR strains [38].

3.2.1.4. Biological methods.
1 Green Synthesis:

Green synthesis approaches are gaining prominence due to their
environmental sustainability and cost-effectiveness. Biological nano-
particle synthesis using microbial cells, enzymes, and plant-derived
molecules produces nanoparticles with higher stability than those ob-
tained through chemical methods [40].

3.2.2. Types of antimicrobial nanoparticles
Antimicrobial nanoparticles are broadly categorized based on their
composition and structural properties.

3.2.2.1. Metal nanoparticles.

i. Silver Nanoparticles (AgNPs): Since 1920, the FDA has recog-
nized AgNPs’ antibacterial properties, making them the most
researched metallic nanoparticles. They can cause electrostatic
changes, porosity changes, rupture, cytoplasmic content leakage,
bacterial respiratory disruption, enzyme inhibition, and DNA
damage [41]. These effects are attributed to multiple mechanisms
of action, making it difficult for bacteria to develop resistance.
The nanoparticles adhere to bacterial membranes via pro-
teoglycans, causing structural damage and stress through in-
teractions with enzymes and DNA. These effects are thought to
result from silver ions released by AgNPs, which negatively
impact the respiratory chain and protein synthesis [42].

ii. Gold nanoparticles (AuNPs): AuNPs exhibit weak intrinsic
antibacterial activity; however, their effectiveness against both
Gram-positive and Gram-negative bacteria is well established.
Interestingly, size plays a crucial role in antimicrobial efficacy,
with AuNPs less than 2 nm demonstrating strong activity. Pho-
tothermal therapy (PTT) is a promising approach for enhancing
their antimicrobial potential [15].

iii. Copper nanoparticles (CuNPs): Owing to their susceptibility to
air, CuNPs develop an oxide coating that diminishes their anti-
bacterial effectiveness, which resulted in introducing
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stabilization strategies, such as chelates, to maintain metal ion
stability. This led to greater antibacterial activity of CuNPs. Their
strong antimicrobial properties against various bacterial and
yeast species make them suitable for coating medical devices
(Fig. 2). However, because it produces hydroxyl radicals, a
common problem called agglomeration can be hazardous [43].

iv. Zinc oxide (ZnO): ZnONP’s primary mode of action involves the
generation of ROS, which induce damage to microbial mem-
branes, proteins, and genetic material, and direct interaction with
bacterial cell walls, causing membrane disruption and eventual
cell lysis. Their antimicrobial effectiveness depends on charac-
teristics such as particle size, morphology, and surface charge
[44].

v. Titanium dioxide (TiO3): TiO2NP exhibit antimicrobial activity
mainly through their photocatalytic ability to generate ROS upon
exposure to UV or visible light, which creates oxidative stress
within microbial cells, leading to membrane disruption and cell
death. The anatase form of TiOj is particularly effective and has
been utilized in applications such as environmental sanitization,
self-cleaning surfaces, and medical device coatings. The modifi-
cation of its properties through metal doping can increase its
effectiveness under visible light, expanding its practical uses
[45].

3.2.2.2. Carbon-based nanoparticles.

i. Carbon Nanotubes (CNTs): CNTs demonstrate antimicrobial ac-
tivity by inducing oxidative stress and physically piercing bacterial
cell membranes. Functionalized CNTs have been reported to disrupt
membrane integrity and suppress biofilm formation, even in MDR
strains such as Klebsiella pneumoniae and Pseudomonas aeruginosa
[46].

ii. Nanodiamonds: These are carbon-based nanoparticles that retain
many of the remarkable physical and chemical properties of bulk
diamond. They can be synthesized through various methods,
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including detonation, high-pressure high-temperature processes, and
laser-based techniques. Nanodiamonds have been used as carriers for
antibiotics and AMPs due to their high surface area and biocom-
patibility [47]. Similarly, dendrimers and polymeric nanoparticles
have emerged as promising platforms for controlled antibiotic de-
livery [48].

3.2.2.3. Polymeric nanoparticles and nano-carriers.

i. Poly (lactic-co-glycolic acid) (PLGA) Nanoparticles: Polymeric
nanoparticles such as PLGA have emerged as promising platforms for
controlled antibiotic delivery due to their biodegradability,
biocompatibility, and sustained drug-release properties. PLGA helps
protect antibiotics from rapid degradation and ensures targeted de-
livery to infection sites [49,50]. PLGA offers several key advantages,
including FDA approval, the flexibility to encapsulate both hydro-
philic and hydrophobic drugs, and low toxicity [49].

ii. Dendrimers: Dendrimers offer a branched structure that allows for
high drug-loading capacity and targeted delivery, making them
effective nano-carriers for antimicrobials [48]. Dendrimers offer key
benefits such as a well-defined molecular structure, multivalence,
the capacity to traverse biological barriers, and the potential to
minimize AMR. However, challenges, including their intricate and
costly synthesis, potential cytotoxicity at higher doses, and the need
for surface modification to enhance safety and biocompatibility,
persist [51].

In addition to nanoparticle synthesis methods, formulation tech-
niques like nanoemulsions are increasingly used to enhance the delivery
and antimicrobial performance of nanoparticulate systems. Nano-
emulsions are thermodynamically stable dispersions that can improve
the solubility, bioavailability, and membrane penetration of antimicro-
bial agents. Although not a synthesis method, they play a crucial role in
optimizing the functionality of nanoparticles in biomedical applications
[52]. Despite the potential of all the synthetic methods,
nanotechnology-based antimicrobials face several limitations. The risks
underscore the importance of optimizing dosing regimens and exploring
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combination therapies. Advances in nanotechnology have led to the
development of novel antimicrobial agents, which are being explored
for use in both industrial and medical settings. However, further
research is required to assess their effects on healthy human tissues
before they can be widely applied in biological systems [30,53].

3.3. Bacteriophage therapy

Bacteriophage therapy offers a promising approach to combat AMR
infections by selectively attacking harmful bacteria while preserving
beneficial ones. Phages are natural predators of bacteria, exhibiting high
tissue permeability without disrupting beneficial intestinal microflora.
This advantage over broad-spectrum antibiotics helps to maintain
normal microbiomes [54]. However, rapid pathogen identification and
CRISPR-modified bacteriophages are required to realize their full po-
tential. The resurgence of interest in phage therapy is driven by both the
AMR crisis and advances in biotechnology, which have overcome many
historical limitations [55]. Phage particles interact with bacteria
through outer membrane receptors, with each phage typically targeting
specific bacterial species or strains, offering a level of precision un-
matched by chemical antimicrobial agents. They accumulate in high
concentrations; however, successful therapy requires the isolation of the
infection-causing bacterium. While their protein composition can
trigger immune recognition and reduce therapeutic efficacy, it also en-
ables bioengineering modifications to improve their performance [56].
To mitigate immune system interference, strategies such as PEGylation,
encapsulation in protective carriers, stabilization with nanocarriers, or
binding to macroscopic supports have been proposed to enhance their
ability to eradicate antibiotic-resistant bacteria [57]. Recent de-
velopments in biotechnology have enabled the modification of bacte-
riophage particles to enhance their ability to penetrate bacterial
biofilms, boost efficacy, broaden lytic activity against various bacterial
infections, and improve stability and specificity [56]. Bioengineered
phages can also be designed to carry additional therapeutic payloads,
such as antimicrobial peptides and enzymes that further support biofilm
disruption. These advancements significantly strengthen the therapeutic
value of phage therapy while preserving the target specificity that dis-
tinguishes phages as promising antimicrobial agents [58].

3.4. Antimicrobial peptides (AMPs)

AMPs are cationic host defense peptides found across all kingdoms of
life that disrupt membrane structure. These naturally occurring mole-
cules represent one of the most ancient and evolutionarily conserved
defense mechanisms against microbial infections. Owing to their
charged nature, rapid action, multiple mechanisms of action, difficulty
in establishing resistance, and ability to be easily modified and manu-
factured in silico, AMPs are used to target pathogenic bacteria to prevent
AMR [59]. These peptides can also be used as adjuvants to other anti-
biotics, increasing their effects and eliminating resistance [60]. AMPs
employ multiple mechanisms to eliminate pathogens, making it difficult
for them to develop resistance. Their action often begins with interac-
tion with negatively charged moieties such as lipopolysaccharides (LPS)
in Gram-negative bacteria and lipoteichoic acid (LTA) in Gram-positive
bacteria. After passing through or creating pores in the bacterial cell
wall or outer membrane, cytoplasmic membrane rupture and subse-
quent cell lysis occur [61]. Their modes of action are divided into
pore-forming and non-pore-forming categories. They can also activate
enzymes like autolysins that lead to autolytic death and inhibit the
synthesis of cell walls, DNA, RNA, and proteins [62]. In addition to
direct antimicrobial effects, AMPs possess immunomodulatory proper-
ties that enhance host defense. Peptides present in tissues and mucous
membranes can suppress or destroy pathogens, including viruses, pro-
tozoans, bacteria, and fungi. They also exhibit anti-biofilm activity by
altering membrane permeability, disrupting signaling, degrading poly-
saccharides and biofilm matrices, inhibiting alarm systems, and
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reducing gene expression. These characteristics make them a promising
approach for eliminating persistent bacterial forms due to their strong
inactivation capabilities [63].

3.5. Al-driven drug discovery and Computational approaches

Artificial intelligence (AI) has revolutionized infectious disease
management by enhancing pathogen detection, identifying resistant
bacteria, and facilitating target identification, dynamic modelling,
peptide design, and drug repurposing, which ultimately strengthens
antibiotic stewardship and combats AMR (Table 1) [64,65]. The inte-
gration of machine learning (ML) algorithms with biological data has
accelerated antimicrobial discovery and optimized treatment strategies.
Al technology automates learning and improvement without explicit
programming by constructing and predicting models using data. ML
algorithms can identify patterns in vast datasets that are impossible to
detect manually. Deep learning (DL), a component of ML, mimics brain
structure through algorithms such as convolutional, recurrent, deep
reinforcement, and generative adversarial networks and is widely used
in drug discovery [66]. The application of Al in antimicrobial research
has shown promise in several key areas, including molecular design,
target identification, and resistance prediction. Al is revolutionizing the
healthcare sector by aggregating patient data, detecting diseases early,
and using advanced imaging technologies. It reduces costs and improves
drug prescription precision, resulting in better patient care [67].
Real-time decision support systems powered by Al can help clinicians
select optimal antimicrobial therapies based on patient-specific factors
and local resistance patterns [68]. Al algorithms can significantly reduce
the time required for resistance detection, which is critical for timely
and accurate diagnosis of MDR pathogens as well as administration of
treatment [69]. Antibiograms aid in identifying high-risk agents, and the
creation of customized machine-learning models holds promise for
forecasting and mitigating AMR. Al for antimicrobials has the potential
to transform clinical care, enhance surveillance systems, and accelerate
drug development [70].

The Decision Tree model uses large datasets to capture nonlinear
correlations between features and outputs. These models can predict
treatment outcomes and resistance development with increasing accu-
racy as more data become available. Training datasets are used to pre-
process the data and extract relevant input characteristics [69,71].
Complex models have greater variance, whereas simpler models have a
larger bias. Several Al-powered tools are currently available for AMR
surveillance and analysis. Metagenomics and Metadesign of Subways
and Urban Biomes (MetaSUB-AMR) monitors and tracks resistance in
urban environments by using metagenomic data and algorithms to
analyze environmental DNA samples and map AMR genes [72]. Deep-
AMR and DeepARG employ deep learning to identify resistance genes
and mutations in complex microbial communities. Mykrobe Predictor
assists clinicians in tailoring antibiotic treatment plans, while AMR
FinderPlus detects resistance genes and mutations in bacterial genomes
[72].

3.6. Current and well-established therapeutics against AMR

Although next-generation technologies are rapidly advancing, well-
established antimicrobial strategies continue to play a significant role
in managing resistant infections (Table 2). Notably, immunotherapeutic
approaches present a novel direction by enhancing and regulating the
host’s immune defenses instead of exclusively targeting pathogens. It
therefore shows a strong potential to complement traditional antibiotics,
reduce reliance on direct bactericidal activity, and improve outcomes in
infections caused by MDR organisms.

3.6.1. p-Lactam/fS-Lactamase inhibitor combinations
B-lactam antibiotics, including penicillin and cephalosporin, are
among the most used antimicrobial agents in clinical practice. However,
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Table 1
Comparative evaluation of next-generation AMR therapeutic strategies [19,73].
S/ Therapeutic Strategy Developmental Stage Pros Limitations Comparative Effectiveness Readiness
N Level
1. CRISPR-based Preclinical/Limited Highly specific, gene-targeting, Delivery challenges, Promising against MDR genes Low
Antimicrobials animal trials preserves microbiota potential for resistance
2. Nanotechnology (Ag, Preclinical to limited Broad spectrum, novel Toxicity concerns, lack of Complementary to antibiotics, Medium
Au, Cu NPs) clinical mechanisms, and drug carriers long-term safety data some synergy
3. Bacteriophage Therapy  Phase I/1I trials Specificity, biofilm penetration, Immune clearance, host Effective in compassionate use Medium
and modifiable specificity, and regulatory cases
4. AMPs Late preclinical to early Fast-acting, multiple Toxicity at high doses, Complementary and adjuvantto ~ Medium
clinical trial mechanisms, stability antibiotics
immunomodulatory
5. Al-Driven Drug Active clinical Fast screening, predictive Data bias, limited Enhances the speed of drug High
Discovery integration (diagnostics)  analytics, and cost-effective interpretability development and surveillance
Table 2
Comparative summary of innovative therapeutic approaches against AMR
S/ Therapeutic Strategy Mechanism of Advantages Limitations Clinical Stage Recent Experimental/In References
N Action Silico Evidence
1. fp-lactamase inhibitors Enzyme inhibition Effective against Resistance emergence, limited Approved/ Recent docking studies (101).
to restore f-lactam p-lactamase- spectrum Clinical reveal novel B-lactamase
efficacy producing strains binding sites improving
inhibitor potency
2. Combination therapies  Synergistic drug Broad coverage, Toxicity, pharmacokinetic Clinical/ Experimental in vitro models  (78).
action reduced resistance mismatches Standard confirm synergy of colistin
with nanomaterials against
MDR P. aeruginosa
3. Vaccinology Infection Long-lasting, High development cost, strain Approved/ In silico-designed peptide (11).
prevention, herd reduces antibiotic variability Ongoing vaccines against
immunity use K. pneumoniae show
promising immunogenicity
4. Immunotherapies Boost host immune Targeted, less Limited use in Clinical/ Experimental monoclonal (102).
response resistance pressure immunocompromised, cost Preclinical antibodies against
A. baumannii tested in
murine models with positive
outcomes
5. Phytotherapy Disrupt membranes,  Natural, multi- Variability, poor Preclinical In silico studies identify (103).
inhibit efflux/ target action, low bioavailability, and limited indole alkaloids binding
quorum sensing resistance trials MDR efflux pumps against
MDR E. coli
6. Probiotics/ Competitive Safe, preventive, Strain-specific, limited Preclinical/ Recent experimental models (104).
Microbiome exclusion, immune gut microbiota regulation Some Clinical show engineered probiotics
engineering modulation restoration E. coli suppresses P.
aeruginosa and gut bacteria
7. Photodynamic therapy =~ ROS-mediated Non-antibiotic, Light exposure required, local Preclinical New in silico photosensitizer ~ (105).
(PDT) microbial killing biofilm-effective use only designs improve ROS yield;
in vivo validation in biofilm-
infected wounds
8. Immunomodulatory Modulate immune Enhances innate Risk of immune overactivation;  Preclinical/ Experimental cytokine (106).
therapies system (e.g., immunity; unclear long-term effects; Experimental therapy models show

cytokines,
checkpoint
inhibitors)

supportive in sepsis
or MDR infections

limited clinical validation

improved clearance of MDR
E. coli in mice

their effectiveness has been significantly compromised by the wide-
spread bacterial production of B-lactamases, which are enzymes that
hydrolyze the B-lactam ring and neutralize the antibiotic’s activity [74].
To overcome this resistance mechanism, f-lactamase inhibitors,
including clavulanic acid, sulbactam, tazobactam, avibactam, vabor-
bactam, and relebactam, have been developed to restore the efficacy of
B-lactam antibiotics [75]. Several advanced combinations have shown
clinical efficacy against extended-spectrum f-lactamase (ESBL)-pro-
ducing Enterobacteriaceae and carbapenem-resistant organisms [75].
For instance, avibactam—ceftazidime has demonstrated significant ac-
tivity against carbapenem-resistant Klebsiella pneumoniae in both clinical
and experimental studies [76]. These combinations represent an
important step in prolonging the utility of p-lactams and restoring ac-
tivity against resistant strains [77].

3.6.2. Combination antibiotic therapy

Combination antibiotic therapy continues to be a commonly
employed strategy in addressing AMR, especially for infections caused
by MDR pathogens. This approach aims to enhance therapeutic efficacy
through synergistic interactions, extend the spectrum of antimicrobial
activity, and reduce the likelihood of resistance development [78].
Commonly used antibiotic combinations include colistin with carbape-
nems or tigecycline for treating carbapenem-resistant Acinetobacter
baumannii; vancomycin in combination with ceftaroline or daptomycin
for managing persistent Staphylococcus aureus bacteremia; and trime-
thoprim-sulfamethoxazole (TMP-SMX), which is effective against
various Gram-positive and Gram-negative pathogens, including
community-acquired MRSA [79]. Clinical observations reveal that col-
istin-rifampin combinations exhibited synergistic activity in vitro and
prevented resistance against carbapenemase-producing Klebsiella pneu-
moniae; however, in vivo efficacy was limited and strain-dependent,
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highlighting their heterogeneous but potentially beneficial role in spe-
cific infections [80]. However, limitations such as increased toxicity,
cost, and limited data on optimal combinations highlight the need for
continued clinical trials and pharmacodynamic modeling [81].

3.6.3. Advanced immunotherapies

Immunotherapies are emerging as a powerful and increasingly
accepted approach in the management of AMR infections. In contrast to
conventional antibiotics that target pathogens directly, these therapies
focus on enhancing the host’s immune defenses, providing a comple-
mentary or alternative strategy for infection control. Principal modal-
ities include monoclonal antibodies (mAbs), therapeutic vaccines, and
agents that modulate immune responses [82]. For instance, bezlotox-
umab, a monoclonal antibody, has been approved for the prevention of
recurrent Clostridioides difficile infections by neutralizing its toxin [83].
In addition, adjunctive immunotherapies are being explored for their
potential to treat infections caused by MDR Pseudomonas aeruginosa and
Acinetobacter baumannii, where conventional antibiotics often fail [84].
Furthermore, cytokine-based treatments and immune checkpoint in-
hibitors are being repurposed to enhance innate immune function in
critical conditions such as sepsis [85].

3.6.4. Vaccinology

Vaccinology serves as an essential and proactive strategy in
combating AMR by reducing the incidence of infections that would
otherwise require antibiotic treatment, thereby lessen selective pressure
and curbing the emergence and spread of resistance. Established vac-
cines targeting high-burden pathogens such as Streptococcus pneumoniae,
Haemophilus influenzae, and Mycobacterium tuberculosis have already
demonstrated substantial public health impact and have contributed
significantly to lowering global antibiotic use [86]. However, ongoing
research is expanding this approach toward the development of vaccines
against drug-resistant organisms, including MRSA and MDR Klebsiella
pneumoniae [50]. These efforts represent a proactive and sustainable
approach to reducing the global burden of AMR, especially as effective
vaccination can prevent both community- and hospital-acquired in-
fections [87]. The high cost of vaccine research and the lengthy devel-
opment timelines can delay access, particularly in low- and
middle-income countries (LMICs). Antigenic variability among bacte-
rial strains may reduce vaccine efficacy or necessitate frequent refor-
mulations, as seen with pneumococcal vaccines [88]. In addition,
suboptimal immune responses in certain populations, along with logis-
tical difficulties related to vaccine distribution and cold chain re-
quirements, can limit real-world impact. Another critical issue is the lack
of strong commercial incentives for developing vaccines against some
resistant bacteria, particularly those that cause relatively rare or
geographically confined infections, making them less attractive to
pharmaceutical developers [89]. A notable experimental example is a
candidate vaccine against MDR K. pneumoniae that generated strong
antibody responses in mice and reduced bacterial loads, but
strain-specific antigenic differences limited cross-protection [90].

3.6.5. Phytotherapy

Phytotherapy involves the therapeutic application of medicinal
plants and their bioactive compounds. This practice has emerged as a
promising avenue in AMR management due to its dual antimicrobial and
resistance-modifying properties. Plant-derived constituents such as al-
kaloids, flavonoids, terpenoids, and essential oils have demonstrated
diverse mechanisms of action, including disruption of bacterial cell
membranes, inhibition of efflux pumps, interference with quorum
sensing, and synergistic enhancement of conventional antibiotic effi-
cacy. These naturally occurring compounds offer a rich and largely
untapped reservoir of potential anti-infective agents, making phyto-
therapy a compelling candidate for integration into AMR control stra-
tegies, especially in resource-limited settings or in combination with
modern therapeutics [91]. The advantages of phytotherapy are notable.
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It leverages compounds from natural and renewable sources, offering
biocompatibility, broad-spectrum potential, and reduced environmental
impact. Also, the vast biodiversity of medicinal plants provides an
extensive reservoir of novel therapeutic candidates [92]. However, a
major concern is the lack of standardization and quality control in the
production of plant-based remedies, with variability in chemical
composition due to differences in species, cultivation conditions, and
extraction methods [92].

3.6.6. Photodynamic therapy (PDT)

PDT is a novel, non-antibiotic strategy that uses light-activated
photosensitizing agents to produce ROS, which are toxic to microbial
cells. These ROS damage essential cellular components such as mem-
branes, proteins, and nucleic acids. PDT has demonstrated notable
effectiveness in managing localized infections, particularly those that
are caused by biofilm-forming or drug-resistant pathogens that are
typically unresponsive to conventional antibiotics [93]. One major
benefit of PDT is its broad-spectrum antimicrobial action, effective
against bacteria, fungi, and certain viruses, while posing a low risk of
resistance development due to its multi-target oxidative mechanism
[94]. PDT offers precise localization, reducing systemic side effects and
protecting nearby healthy tissue [93]. However, the clinical application
of PDT is currently limited by several factors, which include its reliance
on direct light exposure, limiting its application to surface-level or easily
accessible infections. There is also a risk of damaging host tissues if light
intensity or photosensitizer dosage is not precisely managed [94].
Despite these limitations, PDT remains a promising adjunct or alterna-
tive to antibiotic therapy, particularly in managing chronic wounds, oral
infections, and device-associated biofilms, and its continued refinement
may broaden its clinical utility in the context of AMR [94].

3.6.7. Immunomodulatory therapies

Immunomodulatory therapies are designed to regulate and optimize
the host’s immune system to enhance infection control. These treat-
ments involve the use of agents like cytokines, immune stimulants, and
checkpoint inhibitors to either strengthen weakened immune responses
or reduce harmful inflammation. This strategy is especially beneficial for
immunocompromised individuals such as those with HIV, cancer, post-
transplant conditions and sepsis, where immune system imbalance plays
a central role. Inmunomodulatory therapies’ benefits include their host-
targeted mechanism, which reduces selective pressure on pathogens and
the likelihood of resistance development. They can also enhance the
effectiveness of antibiotics, especially when microbial clearance is
dependent on a functional immune system. These therapies also offer
potential personalization, which allows immune interventions to be
tailored to a patient’s immune status [38]. However, these therapies
pose some limitations and risks, including overactivation of the immune
system. This can lead to harmful inflammatory responses, including
cytokine storms, which may exacerbate illness or lead to organ failure.
Also, insufficient immune modulation may result in limited or no clin-
ical benefit [95]. More clinical trials are needed to establish efficacy,
safety, and long-term outcomes across diverse patient populations [96].

3.6.8. Probiotics and microbiome engineering

Probiotics and microbiome engineering have emerged as promising
strategies for both the prevention and restoration of microbial balance in
AMR. These interventions focus on supporting or reestablishing healthy
microbiota by encouraging the proliferation of beneficial microbes
capable of suppressing pathogenic species. Their mechanisms of action
include competitive exclusion of harmful bacteria, secretion of antimi-
crobial compounds, and stimulation of mucosal immune responses [97,
98]. Benefits of probiotics and microbiome-based interventions include
their non-invasive administration and their favorable safety profile in
the general population. They are relatively cost-effective, easily incor-
porated into existing treatment regimens, and have shown potential in
reducing the frequency and severity of infections, thereby decreasing
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antibiotic use and the subsequent development of resistance [99]. The
clinical efficacy of probiotics is highly strain-specific, and many
commercially available products lack scientific evidence. There is a lack
of standardization in formulation, dosing, and regulatory oversight,
leading to variability in product quality and effectiveness [100]. Despite
these challenges, probiotics and microbiome engineering significantly
expand the therapeutic landscape against AMR by leveraging the natural
microbiota as a biological barrier to infection. As research progresses,
greater precision, regulatory clarity, and clinical validation will be
essential to fully integrate these strategies into routine AMR prevention
and treatment frameworks.

4. Innovative approaches to combat AMR

AMR is a critical global health threat, and traditional antibiotic
development is not keeping pace with the rise of resistant pathogens. Its
complexity demands innovative strategies beyond conventional anti-
microbial discovery, including biofilm disruption, host-directed thera-
pies, precision medicine, and advanced drug delivery systems (Fig. 3).

4.1. Biofilm-disrupting strategies

Bacterial biofilms represent one of the most challenging aspects of
AMR, as they can be up to 1000 times more resistant to antibiotics than
planktonic bacteria. Enzyme-based biofilm degradation, quorum-
sensing inhibitors, and anti-adhesion molecules are being explored to
break down biofilms and disrupt bacterial communication, making
pathogens more susceptible to antibiotic treatment and immune system
clearance [10,11,107]. The complex architecture of biofilms, charac-
terized by bacterial cells embedded within a self-produced extracellular
polymeric matrix, presents multiple physiological and structural bar-
riers that impede effective antimicrobial penetration [11,107]. Novel
approaches include the use of dispersin enzymes that degrade biofilm
matrix components, small molecules that interfere with quorum-sensing
pathways, and surface modifications that prevent initial bacterial
adhesion [108]. For example, an experimental study demonstrated that
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Nocardiopsis lucentensis EMB25, an uncommon actinobacteria, inhibited
and eradicated P. aeruginosa biofilm utilizing its secondary metabolites
to target the quorum-sensing pathways and bind to LasR and RhIR,
although not validated via in vivo models [109]. Similarly,
quorum-sensing inhibitors such as furanones have shown promising
in-vitro effects; however, their instability and cytotoxicity remain major
limitations for translation into clinical use [110].

4.2. Host-directed therapies

Host-directed therapies prioritize the enhancement of the body’s
innate defense mechanisms over direct pathogen elimination. Ap-
proaches such as immune modulation are being explored as viable al-
ternatives to conventional antimicrobial strategies, with the aim of
improving clinical outcomes and reducing dependence on antibiotics
[11,107]. They recognize that successful treatment of infections de-
pends on both pathogen elimination and effective host immune func-
tion. Probiotics, microbiome engineering, and vaccines targeting
resistant pathogens are being investigated to prevent infections and
reduce the spread of AMR [10,11,107]. These approaches can attenuate
pathogen virulence and enhance the body’s natural ability to clear in-
fections [11,107]. Immunomodulatory therapies encompass cytokine
modulators, immune checkpoint inhibitors tailored for infectious dis-
eases, and therapeutic vaccines aimed at stimulating the immune system
to target specific drug-resistant pathogens [111]. Experimental findings
support these strategies: a murine sepsis model treated with IL-7
immunotherapy showed improved 92 % survival and immune recov-
ery yet concerns regarding immune overactivation and cytokine storm
remain a critical drawback [112]. Likewise, engineered probiotics
reduced colonization of gut inflammatory diseases in vitro, but
strain-specific variability and regulatory gaps hinder consistent appli-
cation in humans [113].

4.3. Precision medicine and personalized therapies

The era of precision medicine offers new opportunities to optimize
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antimicrobial therapy using individualized treatment approaches.
Genomic and metagenomic approaches enable the rapid identification
of resistance genes and pathogen strains, supporting tailored antibiotic
regimens [107,114,115]. Advances in rapid diagnostic technologies
now allow pathogen identification and susceptibility testing within
hours rather than days. Rapid diagnostics and Al-driven tools are
improving the precision and timeliness of targeted therapy, thereby
reducing unnecessary antibiotic use [107,114,115]. Personalized med-
icine, including clonotyping and patient-specific factors such as phar-
macokinetics, immune status, and microbiome composition, is
increasingly integrated into clinical decision-making to optimize ther-
apeutic outcomes [107,114]. Recent clinical pilot studies have demon-
strated the feasibility of sequencing-based diagnostics, providing
same-day resistance profiles, which enable optimized antibiotic ther-
apy in critically ill patients. However, the high cost, limited availability
in low-resource settings, and challenges in integrating genomic data into
real-time clinical decision-making remain significant limitations [116].

4.4. Smart drug delivery systems

Advanced drug delivery systems represent a paradigm shift in the
administration of antimicrobials and targeting of infection sites. Bio-
nanomaterials, hydrogels, and implantable devices are being devel-
oped for site-specific, responsive antibiotic delivery. These innovations
aim to enhance efficacy, minimize side effects, and address the key
limitations of conventional antimicrobial therapy, including poor tissue
penetration, systemic toxicity, and suboptimal drug concentrations at
infection sites [107,115,117,118]. These systems can be engineered to
release drugs in response to infection signals or environmental triggers,
thereby improving treatment outcomes [107,118,119]. Examples
include pH-responsive nanoparticles that release antibiotics in the acidic
environment of infected tissues and magnetic nanocarriers guided to
infection sites within the body [55]. For instance, an experimental
pH-sensitive chitosan nanoparticle system successfully released cipro-
floxacin in acidic abscess environments and reduced bacterial loads in
vivo, though inconsistent release kinetics were observed across batches
[120]. Similarly, Silver Oxytetracycline Nanostructures (Ag-OTC-Ns)
exhibited superior antimicrobial efficacy against Klebsiella pneumoniae
compared to free oxytetracycline, AgNOs, and AgNPs, effectively erad-
icated lung infection and reduced inflammation in mice without sig-
nificant toxicity, and remained stable after gamma sterilization,
highlighting their potential as a safe and potent therapeutic option
[121].

5. Challenges in implementing next-generation AMR solutions

The implementation of next-generation AMR solutions faces signifi-
cant challenges in the scientific, economic, ethical, and regulatory do-
mains. Translating promising laboratory discoveries into clinical
practice requires overcoming multiple interconnected barriers.

5.1. Clinical and scientific challenges

The rapid pace of technological advancement in AMR research, while
promising, has created significant standardization challenges. NGS and
associated bioinformatics tools often produce variable results, which can
undermine the reliability and clarity of AMR data interpretation. This
inconsistency poses challenges in making informed decisions based on
the findings. The need to harmonize and validate these technologies for
large-scale implementation remains a significant obstacle [119,122].
Interlaboratory variability and the lack of standardized protocols further
complicate the implementation of new diagnostic technologies. Estab-
lishing consistent protocols for benchmarking and quality control is
difficult when tools and techniques are constantly evolving [119,122].
The need to track a wide range of pathogens and evolving resistance
mechanisms, along with geographic differences in resistance patterns,
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makes standardization efforts highly complex. Choosing suitable data-
sets and defining appropriate evaluation criteria present challenges, as
they must account for the extensive variability [119,122].

5.2. Economic and commercialization barriers

The economic landscape of antimicrobial development presents
unique challenges that distinguish it from other pharmaceutical sectors.
The development, validation, and maintenance of effective platforms for
detecting and treating AMR require substantial investment. These efforts
require not only advanced research and infrastructure but also a well-
trained workforce, all of which places a considerable strain on avail-
able resources [119,122]. The anticipated return on investment for
antimicrobial development is often insufficient to attract private sector
investment, particularly given the emphasized antibiotic overuse or
abuse. Compounding these challenges is the issue of sustainability in the
development of antimicrobials. Financial incentives and market support
for producing and distributing new antimicrobial agents are often
lacking, leading to significant market failures and reduced interest in
antibiotic innovation [119,123].

5.3. Ethical and social considerations

Ensuring equitable access to advanced AMR solutions remains a
critical challenge, particularly in resource-limited settings where
healthcare infrastructure and funding are limited [119,123]. The digital
divide and technological disparities between developed and developing
nations further complicate the implementation of Al-driven and
high-tech antimicrobial solutions. In addition, fostering public trust in
emerging technologies, such as genetic modification and synthetic
biology, is crucial for their successful adoption. Without widespread
acceptance, these innovative approaches may face resistance, despite
their potential benefits [119,123]. Ethical considerations also arise
regarding the use of genetic modification technologies, such as CRISPR,
in clinical settings, particularly concerning long-term effects and po-
tential unintended consequences [124].

5.4. Regulatory hurdles

The regulatory landscape for novel antimicrobial technologies is
complex and rapidly evolving. The implementation of new technologies
to combat AMR necessitates harmonization, thorough validation, and
continuous quality assurance. However, these processes are complicated
by the rapid pace of technological innovation and the need for coordi-
nated international efforts [119,122]. Traditional regulatory frame-
works were not designed to evaluate novel technologies, such as
engineered bacteriophages, CRISPR-based therapeutics, or Al-driven
diagnostic tools [125]. Furthermore, the development of transparent,
community-driven benchmarking platforms and the establishment of
standardized datasets are essential for achieving regulatory approval
[119,122].

6. Public health policy, global strategy, and stakeholder roles

Effectively addressing AMR requires scientific innovation, strong
public health policies, coordinated global strategies, and multisectoral
collaboration. Central to both national and international efforts are
robust surveillance systems and antimicrobial stewardship programs.
The WHO’s Global Antimicrobial Resistance Surveillance System
(GLASS) supports standardized data collection and facilitates early
detection of resistance trends, while national systems adapt these
frameworks for local use [126]. Recent advancements, including the
integration of Al into surveillance, have further strengthened real-time
monitoring and predictive responses to AMR threats [127-129]. Anti-
biotic stewardship programs (ASPs), implemented in hospitals and
community settings, help to optimize antimicrobial prescribing and
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prevent misuse. These programs, supported by multidisciplinary teams,
including infectious disease specialists, pharmacists, and microbiolo-
gists, are instrumental in reducing overprescription and preserving the
effectiveness of current treatments [130,131]. However, implementing
ASPs remains particularly challenging in LMICs due to resource con-
straints, limited diagnostic capacity, and workforce shortages [132,
133]. Innovative models, including digital decision-support tools and
mobile health platforms, are being developed to address these gaps and
expand stewardship capacity in resource-limited settings [133-135].

Regulatory and policy interventions are essential in shaping envi-
ronments that promote the responsible use of antimicrobials [136].
Measures such as restricting over-the-counter antibiotic sales and
regulating the use of antimicrobials in agriculture have proven critical
for containment [137]. At the same time, forward-thinking policy ap-
proaches are needed to stimulate antimicrobial innovation. Pub-
lic—private partnerships and financial incentive models such as market
entry rewards are being explored to revitalize the stagnating antibiotic
development pipeline [138,139].

Public education and awareness campaigns remain key to shifting
behavior and encouraging responsible antibiotic use. Through commu-
nity outreach, schools, and media engagement, such as campaigns, help
foster informed decision-making and bolster the societal foundation
necessary to contain AMR [140-143]. The broader global response de-
pends on the coordinated action of key stakeholders. The WHO’s Global
Action Plan on AMR provides a comprehensive framework based on
surveillance, awareness, infection prevention, optimal antimicrobial
use, and sustainable investment [144]. The Centers for Disease Control
and Prevention (CDC) leads national responses by supporting surveil-
lance and stewardship initiatives [145], while the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA)
regulate the approval and safety of new antimicrobials, including
next-generation technologies like phage therapy, nanomaterials, and
gene-editing tools [146,147]. The United Nations has elevated AMR as a
global political priority, advocating for the One Health approach that
recognizes the interconnectedness of human, animal, and environmental
health [148]. Non-governmental organizations (NGOs) and private
sector initiatives, such as CARB-X and the Global Antibiotic Research
and Development Partnership (GARDP), are also instrumental in accel-
erating innovation and ensuring equitable access to novel treatments
[149,150].

Ultimately, addressing AMR requires a coordinated global response
grounded in robust public health policies and strategic frameworks.
These approaches serve as the backbone for monitoring resistance
trends, ensuring rational antibiotic use, and fostering multi-sectoral
collaboration (Fig. 4).

7. Future perspectives and research directions

Looking ahead, the fight against AMR must evolve using dynamic
and integrative strategies. While current efforts lay a solid foundation,

Next Bioengineering 1 (2025) 100003

future progress hinges on embracing multidisciplinary innovation,
developing alternative therapeutic options, and reinforcing global pol-
icy frameworks to sustain momentum and equity in response. A key
direction for AMR research is the convergence of multiple scientific
disciplines to design effective interventions. Synthetic and systems
biology are opening new frontiers in the understanding of microbial
behavior, resistance mechanisms, and host-pathogen interactions. These
tools enable the construction of tailored genetic circuits, reprogrammed
microbes, and novel biosensors for the real-time detection or counter-
action of resistance [151,152]. The integration of Al, nanotechnology,
and bacteriophage therapy enhances the efficacy and specificity of AMR
treatments. Al-driven predictive modelling can optimize drug design
and identify resistance patterns, while nanotechnology provides tar-
geted drug delivery systems that minimize side effects and enhance drug
bioavailability. Phage therapy, revived with renewed scientific interest,
holds promise for the precision eradication of resistant bacteria [153,
154]. The concept of personalized and precision medicine is also gaining
traction as a long-term strategy. By incorporating patient-specific data,
such as genomic profiles, microbiome analysis, and immune responses,
tailored treatment plans can improve outcomes and reduce the likeli-
hood of resistance emergence [155,156]. This individualized approach
represents a shift from a one-size-fits-all therapy to a more responsive
and data-informed care.

Beyond conventional antibiotics, research is increasingly exploring
underutilized natural resources and novel therapeutic targets. Plant- and
marine-derived antimicrobial compounds, many of which possess
unique structures and modes of action, are being systematically studied
for their potential to overcome existing resistance [157,158]. Another
area of focus is the development of antivirulence agents and immuno-
modulating compounds. These therapies aim not to kill pathogens
directly but to disarm them or strengthen host defenses, thereby
reducing the selective pressure for resistance. Inmune-boosting strate-
gies, including probiotics and immunotherapies, are being tested as
adjuncts to traditional treatments [159,160]. Simultaneously, advances
in biomaterial science are contributing to infection control in both
clinical and environmental contexts. Antimicrobial coatings, smart
wound dressings, and biofilm-disrupting materials are engineered to
prevent infections on medical devices and hospital surfaces, adding a
layer of defense [161,162].

Scientific innovation must be matched by a supportive policy envi-
ronment to ensure that its impact reaches all populations. Strengthening
international collaborations remains a top priority. Coordinated sur-
veillance, harmonized regulatory frameworks, and data-sharing initia-
tives can accelerate the translation of research into actionable strategies
[162]. Securing sustainable funding for antibiotic development is crit-
ical. Public-private partnerships, market entry rewards, and
government-backed innovation funds are being explored as viable
mechanisms to incentivize investment in new antimicrobials while
mitigating financial risks for developers [161]. Importantly, expanding
access to novel therapies in low-resource settings should be a guiding
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principle. Equitable distribution models, capacity-building programs,
and global procurement strategies are essential to prevent the exacer-
bation of existing health disparities [163]. By integrating scientific
progress with inclusive policies, future responses to AMR can be both
impactful and sustainable.

8. Limitations of the review

While this narrative review provides a broad overview of emerging
technologies and innovative approaches to combat AMR, several limi-
tations were acknowledged. As a narrative review, the methodology
does not follow a systematic approach, which may introduce selection
bias in the selection and interpretation of literature. Although the search
strategy was comprehensive and included multiple databases, it may
have inadvertently excluded relevant studies published in non-English
languages or indexed in databases not searched. The rapidly evolving
nature of AMR research also presents a challenge in ensuring complete
coverage. This review focuses primarily on scientific and technological
innovations, with less emphasis on the socioeconomic and cultural
factors influencing the development, implementation, and accessibility
of AMR interventions. These dimensions are critical, as the effectiveness
of any antimicrobial strategy depends not only on its scientific validity
but also on its real-world applicability and acceptability across different
healthcare systems and populations. Also, some of the technologies
discussed are still in early stages of research and development. Their
long-term safety, efficacy, scalability, and cost-effectiveness remain to
be fully established through rigorous preclinical studies, clinical trials,
and real-world applications. In addition, certain promising areas of
research may have received limited attention due to scope constraints
and the need to prioritize the most significant developments. The dy-
namic nature of AMR means that resistance mechanisms and treatment
strategies will continue to evolve, requiring continuous reassessment
and updating to maintain the relevance and utility of such reviews.

9. Conclusion

AMR remains one of the most critical global health threats, under-
mining decades of progress in infectious disease treatment. This narra-
tive offers a multidimensional synthesis of both conventional and
emerging therapeutics, critically evaluates their clinical readiness, and
highlights underrepresented strategies such as phytotherapy, probiotics,
and photodynamic therapy. It underscores the complex nature of AMR,
driven by antibiotic misuse, genetic mutations, and horizontal gene
transfer. As traditional treatments lose effectiveness, next-generation
technologies, such as CRISPR-Cas systems, nanotechnology-based anti-
microbials, antimicrobial peptides, bacteriophage therapy, and Al-
driven drug discovery, have emerged as promising alternatives that
target resistance through novel mechanisms. However, despite these
advances, significant implementation challenges persist. These include
scientific barriers to data standardization and clinical validation, eco-
nomic hurdles related to funding and market incentives, ethical and
social concerns surrounding equitable access and public trust, and reg-
ulatory complexities that hinder timely clinical adoption. Additionally,
the vast diversity of pathogens and evolving resistance mechanisms
demands flexible and adaptive therapeutic strategies. Future research
should focus on improving the safety, scalability, and regulatory inte-
gration of innovative antimicrobial therapies. A significant gap in
translating laboratory advances into clinically approved solutions,
particularly for technologies like CRISPR-Cas antimicrobials, nano-
materials, and bacteriophage-based treatments, persists. Standardized
protocols for efficacy testing, toxicity assessment, and long-term safety
evaluations are lacking and should be a top research priority. Another
critical gap is the limited therapeutic pipeline targeting novel mecha-
nisms of action. Expanding this pipeline through the development of
antivirulence agents, immunomodulators, and biologically derived
compounds represents a major future direction. These alternatives
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remain underexplored despite their potential to reduce selective pres-
sure for resistance. On the systems level, policy reforms should prioritize
global and regional AMR surveillance systems, equitable access to new
treatments, and sustainable financing models that incentivize both
innovation and affordability. There is also a need for research into
market-shaping strategies that can overcome the economic barriers
facing antimicrobial development, particularly in low-resource settings.
The development of robust public health policies, international collab-
oration frameworks, and integrated regulatory pathways is essential for
effective implementation. Global organizations such as the WHO, CDC,
FDA, and EMA play a significant role in guiding harmonized regulations
and accelerating technology adoption, yet gaps in global regulatory
coherence and coordination persist.

Furthermore, future progress depends on the active engagement of
private sector stakeholders, academic researchers, and non-
governmental organizations, which are essential for ensuring sustain-
able development, commercialization, and distribution of novel thera-
pies. Addressing AMR requires an interdisciplinary and collaborative
approach that transcends traditional boundaries. Coordinated efforts
among microbiologists, clinicians, bioengineers, data scientists, public
health professionals, and policymakers are essential. Only by fostering
collective action and maintaining long-term investment in research and
development can we close existing knowledge gaps and strengthen
health systems to effectively confront the escalating threat of AMR. With
the window of opportunity narrowing, prompt, coordinated, and stra-
tegic efforts are now more essential than ever.
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