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Abstract

Antimicrobial resistance (AMR) is a growing global health emergency that threatens the
effectiveness of modern medicine, exacerbating healthcare costs, morbidity, and mortal-
ity, particularly in low- and middle-income countries (LMICs). Traditional approaches
to antimicrobial development and stewardship have proven inadequate in curbing the
rapid emergence and spread of resistant pathogens. This review explores cutting-edge
biotechnological innovations as sustainable, precision-based solutions to combat AMR
and promote global health equity. A comprehensive narrative review was conducted
using literature published between 2018 and 2023 from PubMed, ScienceDirect, and Web
of Science. Peer-reviewed studies focusing on novel antimicrobial strategies were the-
matically analyzed, with attention to efficacy, feasibility, and translational readiness. Key
innovations identified include nanotechnology-enhanced antimicrobial delivery, bacterio-
phage therapy, CRISPR-Cas gene editing, immunotherapy, and personalized medicine.
These strategies demonstrated substantial in vitro and in vivo efficacy, such as >90% MRSA
biofilm reduction via silver nanoparticles and 95% carbapenem susceptibility restoration
in E. coli using CRISPR-Cas9. When integrated with machine learning and rapid diagnos-
tics, these approaches enable precision-targeted therapies and data-informed stewardship,
offering scalable solutions adaptable to diverse healthcare systems. Antimicrobial resis-
tance demands urgent, equitable innovation. Integrating biotechnologies like CRISPR,
phage therapy, and nanomedicine with data-driven tools offers promising solutions. To
ensure real-world impact, we recommend establishing regionally tailored translational
research platforms and public-private partnerships as the most effective strategy to scale
innovations and strengthen AMR response in low-resource settings.

Keywords: antimicrobial resistance; CRISPR; bacteriophage therapy; nanotechnology;
immunotherapy; personalized medicine; LMICs; precision diagnostics

1. Introduction

Antimicrobial resistance (AMR) presents an existential threat to modern medicine,
undermining decades of progress in infectious disease treatment and jeopardizing routine
surgical and medical procedures [1,2]. The World Health Organization (WHO) projects that,
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if unaddressed, AMR could cause up to 10 million deaths annually by 2050—surpassing
cancer as the leading cause of mortality [3]. This growing crisis not only endangers
individual health but also threatens global public health systems, economic security, and
food supply chains [4,5].

The rapid evolution of resistance mechanisms among pathogens has far outpaced the
development of new antimicrobials. Current drug pipelines remain limited, and traditional
containment strategies are proving inadequate to curb the accelerating spread of resistant
organisms [6]. Vulnerable populations—such as neonates, the elderly, and patients with
chronic illnesses—are especially affected, facing prolonged hospitalizations, increased
treatment costs, and elevated mortality rates from infections once easily treatable [7].

Compounding the problem, the widespread use of antibiotics in agriculture contin-
ues to contribute to resistance selection and transmission across ecosystems [8,9]. Fur-
thermore, global surveillance reports indicate alarming trends in resistance patterns in
conflict-affected and post-COVID-19 regions. In Eastern Ukraine and Syria, disrupted
healthcare systems and unregulated antibiotic use have been linked to increased rates of
carbapenem-resistant Klebsiella pneumoniae [10]. WHO’s 2022 AMR brief also highlighted
a surge in resistance during the COVID-19 pandemic, particularly in low- and middle-
income countries (LMICs), where empirical treatments were often used in the absence
of diagnostics.

Given these challenges, there is a critical need for transformative strategies that go
beyond conventional antimicrobials. Emerging technologies—such as nanotechnology for
targeted drug delivery [10], bacteriophage therapy for pathogen-specific eradication [11],
CRISPR-based gene editing for resistance gene silencing [12], immunotherapy to boost host
defenses [13], and precision medicine to tailor interventions to individual and microbial
profiles [14], offer promising solutions. These innovations, when integrated into health
systems alongside surveillance and stewardship programs, have the potential to redefine
AMR control in both high-income and resource-limited settings.

This narrative review synthesizes the current landscape of innovative biotechnological
interventions for AMR and evaluates their feasibility, readiness, and applicability for global
scale-up, with a special focus on equity and sustainability.

2. Methodology

A comprehensive, integrative narrative review was conducted to evaluate the current
landscape of innovative strategies addressing antimicrobial resistance (AMR). The method-
ology included a systematic literature search, application of predefined inclusion and
exclusion criteria, structured data extraction, and thematic synthesis aligned with PRISMA
2020 guidelines. The protocol to conduct this review was registered in the international
prospective register for systematic review PROSPERO CRD420250608857.

2.1. Literature Search

A structured search was performed in December 2023 across three major databases:
PubMed, Web of Science, and ScienceDirect, to identify relevant peer-reviewed studies. The
search was limited to publications from January 2018 to December 2023 to ensure contem-
porary relevance. Search terms included combinations of keywords such as “antimicrobial
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resistance,” “infection control,” “bacteriophage therapy,” “CRISPR-Cas,” “nanotechnol-

ogy,” “immunotherapy,” and “precision medicine”, using Boolean operators (AND, OR) to
optimize results.
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2.2. Inclusion and Exclusion Criteria

Inclusion criteria focused on peer-reviewed empirical studies published in English, em-
phasizing innovative strategies, technologies, or methodologies directly targeting AMR. El-
igible study designs included experimental, quasi-experimental, and observational studies
with clinical or implementation data. Articles were excluded if they were not peer-reviewed
(e.g., opinion pieces, editorials), lacked empirical data, or addressed only traditional an-
timicrobials without discussing novel or alternative interventions.

3. Study Selection and Data Extraction

From an initial yield of 1023 articles, duplicates and irrelevant titles were removed,
and titles and abstracts were screened for eligibility. Full-text reviews led to the final
inclusion of 145 articles. The PRISMA flow diagram (Figure 1) details the selection process.
A standardized data extraction matrix was developed to collect information on strategy
type (e.g., bacteriophage, CRISPR), study design, outcomes measured (e.g., efficacy, safety),
and contextual factors such as feasibility and scalability.

(n-493) (n-470)

Record excluded after title
Title and Abstract screened (n=711) >

and abstract screening

(n=500)

Full texts assessed for eligibility (n=211)

!

Articles included in qualitative
synthesis (n=145)

Figure 1. PRISMA flow diagram illustrating the literature screening and selection process for studies
included in the review.
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Thematic Analysis

Thematic synthesis was employed to organize the findings into five primary thematic
domains: nanotechnology, bacteriophage therapy, CRISPR-Cas systems, immunotherapy,
and personalized medicine. This process involved iterative reading of the selected studies,
open coding of relevant findings, and inductive categorization into thematic clusters. The
resulting themes were refined through consensus discussions to ensure internal consis-
tency and analytical coherence. This allowed for integration of heterogeneous evidence,
including studies with varying designs and outcome measures, within a coherent narrative
framework. Figure 1 presents the PRISMA 2020 flow diagram, which outlines the process
of literature identification, screening, eligibility assessment, and final inclusion.

4. Results
4.1. Nanotechnology in Antimicrobial Delivery and Targeting

Nanotechnology has emerged as a transformative tool in infectious disease man-
agement, particularly in overcoming limitations of conventional antimicrobials. Among
the 145 studies included, 32 focused on nanotechnology-based interventions for AMR.
Engineered nanoparticles—including silver (AgNPs), gold nanoparticles, and liposomes—
demonstrated enhanced drug delivery, biofilm disruption, and targeted activity against
multidrug-resistant pathogens.

Silver nanoparticles (AgNPs) disrupted bacterial membranes, induced oxidative stress
via reactive oxygen species (ROS), and interfered with DNA replication, exhibiting broad
efficacy against MRSA and Escherichia coli [15,16]. Liposomes encapsulated antibiotics effec-
tively, enhancing drug penetration into biofilm-embedded bacteria, a common challenge in
device-associated infections [16]. Gold nanoparticles showed efficacy against Pseudomonas
aeruginosa by triggering ROS-mediated cell death and enabled pathogen-specific targeting
when functionalized with bacterial ligands (Table 1) [17].

Table 1. A summary of key nanoparticles.

Nanoparticle Type Targeted Pathogens Mechanism of Action References

Methicillin-resistant
Silver Nanoparticles Staphylococcus aureus
(MRSA)

Disrupt membrane

integrity, induce ROS [15]

. .y . Enhance antibiotic
Liposomes Escherichia coli delivery o biofilms [16]

ROS generation,

ligand targeting [17]

Gold Nanoparticles  Pseudomonas aeruginosa

Topical formulations using hydrogels and nanocomposites offered localized and
sustained antimicrobial delivery, minimizing systemic toxicity [18,19]. Nine studies inves-
tigated combination nanotherapies that co-delivered antibiotics and adjuvants, showing
synergistic efficacy in bypassing resistance mechanisms [20].

Peptides nanomaterials have emerged as promising solutions for targeted antimicro-
bial delivery due to their inherent chemical structures and bioactivities. Wang et al. (2024)
review highlights advances in designing peptide- and peptoid-based nanocarriers that
enhance stability and specificity by enabling selective binding to bacterial membranes and
controlled release of antimicrobial agents [21]. These nanomaterials employ self-assembly
and chemical modifications to optimize pharmacokinetics, reduce toxicity and improves
therapeutic efficacy. Similarly, Magana et al. (2020) reveals that antimicrobial peptides
(AMPs) are promising therapeutic agents that exhibit antimicrobial activities by interfering
with bacterial cell membranes, blocking essential intercellular processes and modulate
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immune responses to strengthen host defenses [22]. Generally, these nanomaterials repre-
sent a significant step in antimicrobial therapy strategies by enabling precision targeting of
pathogens and addressing the challenge of antimicrobial resistant infections.

Additionally, Kumar et al. (2019) reported antibacterial activities of carbon-based
graphene nanoparticles against bacterial pathogens including E. coli [23]. The results of
this study showed that graphene particles induce both physical damage of bacterial cell
membranes through sharp edges and oxidative stressing through charge transfers. These
biotechnological innovations underscore nanotechnology’s utility in both systemic and
localized infection control.

4.2. Bacteriophage Therapy

Bacteriophage therapy has re-emerged as a promising strategy in the fight against
antimicrobial resistance (AMR), particularly in the treatment of infections caused by
multidrug-resistant (MDR) bacteria. Bacteriophages viruses that selectively infect and
lyse bacterial cells offer a targeted approach that preserves the host microbiome and mini-
mizes the collateral damage often associated with broad-spectrum antibiotics [20].

Mechanistically, bacteriophages attach to specific bacterial receptors, inject their genetic
material, and hijack the bacterial machinery to replicate. This replication culminates in
cell lysis, releasing progeny phages capable of infecting neighboring pathogenic cells [24].
This self-amplifying nature allows for sustained antibacterial activity and offers a scalable
therapeutic model adaptable to various infection contexts.

Clinical and preclinical evidence demonstrates the efficacy of phage therapy in several
critical use cases. In controlled clinical trials, phage cocktails targeting Pseudomonas aerugi-
nosa significantly reduced bacterial loads, especially in immunocompromised patients and
individuals with cystic fibrosis. In one notable trial published in Nature Biotechnology, engi-
neered phages were administered intravenously, resulting in improved clinical outcomes
and bacterial clearance superior to that achieved with antibiotics alone [24].

Case-based studies have further illustrated phage therapy’s capacity to resolve re-
calcitrant infections. A landmark report in Clinical Infectious Diseases documented the
successful eradication of a persistent methicillin-resistant Staphylococcus aureus (MRSA)
infection using a custom phage preparation. This outcome followed repeated antibiotic
failures and underscores the potential of phages in personalized medicine [25].

Additionally, experimental models have demonstrated phage efficacy against Salmonella
enterica, a common foodborne pathogen. In vivo studies showed that targeted phage
administration in animal models significantly decreased bacterial colonization and im-
proved clinical outcomes, suggesting future application in both human and veterinary
medicine [26].

Beyond their direct bactericidal action, phages exhibit synergistic effects when co-
administered with antibiotics. This combination therapy can enhance bacterial killing,
reduce required antibiotic dosages, and slow the emergence of resistance [27]. Furthermore,
due to their host specificity, phages spare beneficial commensals preserving the host’s
microbiota and supporting immune homeostasis.

Despite the success, bacteria have adapted several resistance mechanisms against
phages that limit the performance of the therapy [28]. Bacteria can modify their surface
receptors and block the adsorption of phages on their surfaces, secrete small molecules
with anti-phage properties [29] and secret toxins to block the progress of phage replication
and assembly [28].

Nevertheless, public access and usage of phage therapy in various countries face some
regulatory challenges. In Eastern Europe, phage treatment can only be administered to
patients in Phage Therapy Unit [30], while in Western Europe and United States, the appli-
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cation of individual phage therapy is under specific regulations that require the availability
of clinical trials and approved protocols for Good Manufacturing practices (GMPs). In
these countries, the phage therapy is still considered as experimental treatment [31].

4.3. CRISPR-Cas Systems for Precision Antimicrobial Therapy

CRISPR-Cas technology has rapidly gained momentum as a transformative platform
in combating antimicrobial resistance (AMR), offering unmatched specificity in targeting
resistance-conferring genes. Of the 145 studies reviewed, 19 focused on the development
and application of CRISPR-based antimicrobial interventions predominantly utilizing
CRISPR-Cas9 and CRISPR-Cas12 systems. These technologies enable precise gene editing,
allowing for the targeted elimination of resistance determinants while preserving the host
microbiota’s integrity [32].

CRISPR-Cas systems operate through guide RNAs that direct Cas proteins to specific
genomic loci within bacterial DNA. Upon binding, Cas enzymes induce double-stranded
breaks or nucleotide modifications, disrupting resistance genes and restoring bacterial
susceptibility to conventional antimicrobials. This targeted approach avoids the broad-
spectrum collateral damage often caused by traditional antibiotics [33].

Several studies report substantial success in restoring antimicrobial sensitivity in
drug-resistant pathogens. For instance, CRISPR-Cas9 targeting the blaNDM-1 gene—which
encodes the New Delhi metallo-beta-lactamase responsible for carbapenem resistance in
Escherichia coli and other Enterobacteriaceae—achieved 95% restoration of drug suscep-
tibility [34]. Similarly, CRISPR-Cas12 has been employed to disable the mecA gene in
Staphylococcus aureus, the driver of methicillin resistance in MRSA, yielding 89% eradica-
tion efficacy (Table 2) [35]. These findings were validated in vivo. Wu et al. (2021) [36]
demonstrated that CRISPR-Cas9 therapy effectively reduced gastrointestinal colonization
by E. coli harboring blaNDM-1 in murine models, reinforcing the translational potential
of this strategy [33,35]. Such precision-based interventions offer a compelling therapeutic
option for multidrug-resistant infections that fail standard treatment protocols.

Table 2. CRISPR-Cas Applications in Antimicrobial Resistance Management.

CRISPR-Cas Application Targeted Resistance Gene Efficacy (%)  References
CRISPR-Cas9 blaNDM-1 95 [34]
CRISPR-Cas12 mecA 89 [32,35]

Beyond therapeutics, CRISPR also plays a pivotal role in diagnostics. Molecular plat-
forms such as SHERLOCK and DETECTR integrate CRISPR-based detection to rapidly
identify resistance genes from clinical specimens, facilitating point-of-care AMR surveil-
lance and enabling timely, tailored interventions [32].

Another emerging innovation involves the engineering of bacteriophages to serve as
CRISPR delivery vectors. These phages concurrently infect resistant bacteria and deliver
CRISPR-Cas elements, thereby achieving dual-action bacterial lysis and resistance gene
editing [37]. This approach holds promise in high-mutation environments where resistance
evolution is rapid.

CRISPR-Cas antimicrobials exhibit the critical advantage of selectively targeting re-
sistant strains while sparing susceptible and commensal microbes reducing the risk of
dysbiosis and secondary infections. This ecological precision is especially valuable in
immunocompromised patients, where microbiome stability is integral to recovery.
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4.4. Immunotherapy for Enhanced Host Resistance

Immunotherapy has gained significant traction as a promising adjunct or alternative
to conventional antimicrobials, offering a host-directed strategy to combat antimicrobial
resistance (AMR). Among the 145 studies reviewed, 21 focused on immunotherapeutic
approaches—including monoclonal antibodies (mAbs), immune-modulatory therapies,
and vaccine-enhanced strategies—aimed at strengthening host immunity and mitigating
pathogen virulence.

4.4.1. Monoclonal Antibodies

At the forefront of this advancement are monoclonal antibodies, which target specific
bacterial toxins or virulence factors without directly killing the pathogens. By neutralizing
these pathogenic elements, mAbs exert their protective effects without placing selective
pressure on bacterial populations, thus minimizing the risk of resistance emergence [38].

A notable clinical success involves mAbs directed against Clostridium difficile toxins.
These antibodies bind and neutralize TcdA and TcdB, significantly reducing both the
recurrence and severity of C. difficile infections [39]. Their efficacy has been particularly
demonstrated in cases of recurrent or refractory disease, where conventional antibiotics
often fail, underscoring their value in treatment-resistant scenarios.

In Staphylococcus aureus especially methicillin-resistant S. aureus (MRSA)—monoclonal
antibodies targeting «-toxin have shown considerable promise. Preclinical studies demon-
strated that anti-x-toxin mAbs not only reduced bacterial load but also improved survival
in systemic infection models, offering a potential path for targeted immunoprophylaxis in
high-risk patients [38].

Recent investigations have also explored synergistic strategies combining mAbs with
vaccines. This dual approach enhances immunogenicity and immunologic memory, partic-
ularly in populations with compromised immune systems such as the elderly who may
mount inadequate responses to vaccination alone. Such combination therapies improve
both the breadth and durability of protection against bacterial pathogens [40].

4.4.2. Immune Checkpoint Inhibitors

The checkpoint inhibitors have revolutionized cancer therapy and are now being
evaluated for infectious disease contexts. By blocking suppressive pathways such as
PD-1/PD-L1, these agents reinvigorate T-cell responses previously dampened during
chronic infections. Early trials suggest potential in controlling persistent bacterial infections;
however, safety concerns and unintended immune activation remain areas for cautious
advancement [41].

Despite their promise, immunotherapies face important challenges. One such issue is
the emergence of resistance through antigenic variation where bacteria alter or mask the
antigens targeted by mAbs. This highlights the need for next-generation antibodies with
broader epitope recognition, higher affinity, and enhanced neutralization capabilities [38,39].
A summary of immunotherapeutic modalities, bacterial targets, and clinical outcomes is
presented in Table 3.

Table 3. Immunotherapy Targets and Outcomes.

Immunotherapy Type Target Pathogen Outcome References
Monoclonal Antibodies Clostridium difficile Reduced toxin [39]
production and severity
Immune-modulatory Staphylococcus aureus Decreased incidence [38]

Therapies of sepsis
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4.4.3. Host-Directed Therapies

Intracellular pathogens rely on host’s cellular machinery for survival by reprogram-
ming host gene expression to disrupt innate defense mechanisms such as apoptosis [42].
Through co-evolution, these pathogens have developed abilities to manipulate or mimic
host factors and secrete effector molecules that suppress immune responses [43]. Host-
directed therapy (HDT) is an emerging nanomaterial-based approach that target host
factors that pathogens exploit, thereby blocking their replication and persistence [44]. By
acting on host immune pathways essential for pathogen’s life cycle, HDT can be effective
biotechnological approach for eliminating both drug-sensitive and resistant pathogens in
the body [45].

4.5. Precision Medicine and Personalized Treatment Plans

Personalized medicine represents a transformative shift in antimicrobial stewardship,
offering individualized therapeutic strategies that leverage diagnostic and genomic in-
novations to optimize treatment outcomes and mitigate antimicrobial resistance (AMR).
Among the studies reviewed, 17 focused on precision medicine applications, emphasizing
the integration of rapid diagnostics, genomic profiling, and patient-specific data to guide
targeted antimicrobial therapy.

Rapid diagnostic technologies—such as polymerase chain reaction (PCR) and next-
generation sequencing (NGS)—form the cornerstone of personalized medicine in infectious
disease management. These tools enable real-time identification of pathogens and resistance
determinants directly from clinical specimens [46]. By shortening the diagnostic window,
clinicians can avoid empirical use of broad-spectrum antibiotics and initiate pathogen-
specific therapy. For instance, NGS allows whole-genome analysis of microbial isolates
within hours, accurately identifying resistance genes such as blaNDM-1, mecA, or vanA—
critical for tailoring effective treatment regimens [47,48].

The clinical feasibility of these technologies continues to improve. Rapid PCR plat-
forms now deliver actionable results within 30-60 min, enabling timely treatment decisions
in emergency and intensive care settings. These rapid interventions have been associated
with improved clinical outcomes and reduced reliance on unnecessary antimicrobials that
drive resistance development [47].

Beyond diagnostics, the integration of electronic health records (EHRs) is pivotal in de-
veloping personalized treatment strategies. EHRs allow clinicians to access comprehensive
patient-specific data—including prior antimicrobial use, allergy history, microbiome status,
and comorbidities—to guide informed therapeutic decisions. This individualized approach
not only enhances efficacy but also reduces risks associated with antibiotic overuse and
microbiome disruption [35].

Personalized medicine also fosters multidisciplinary collaboration. Microbiologists,
infectious disease specialists, geneticists, and clinical pharmacists work in tandem to
develop and monitor tailored treatment protocols. This collaborative framework supports
real-time AMR surveillance, optimizes antimicrobial use, and reinforces adherence to
stewardship guidelines.

An overview of the bacteriophage infection process and convergence of diagnos-
tics, genomics, and clinical data analytics in personalized medicine is summarized in
Figure 2a and 2b, respectively.

4.6. Machine Learning Approaches

Machine learning (ML) approaches are increasingly pivotal in strengthening global
efforts to combat antimicrobial resistance (AMR). A growing body of evidence supports
the application of ML algorithms in predicting antimicrobial susceptibility and optimiz-
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ing therapy—especially in critical care environments such as intensive care units (ICUs).
Feretzakis et al. (2020) [15] demonstrated that ML-enhanced models improved empiri-
cal antibiotic selection in Greek ICUs, reducing treatment delays and improving patient
outcomes [13]. Advanced ML techniques, such as association rule mining, have further
supported AMR surveillance by identifying co-resistance patterns. For example, Sakagianni
et al. (2022) used this method in ICU settings to uncover clusters of antibiotic co-resistance,
which were then used to inform local empirical treatment guidelines [46]. Despite these
promising applications, several ethical considerations must be addressed. A 2025 review of
biomedical big data highlighted persistent concerns related to data privacy, algorithmic
bias, and the lack of transparent governance frameworks. These concerns underscore the
need for equity-driven and ethically grounded deployment of ML technologies in clinical
settings [14].

—— =
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Rapid Diagnostics Resistance Gene
PCR/NGS Profiling
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Figure 2. (a). Mechanism of action and clinical application of bacteriophage therapy. (The illus-
tration depicts phage attachment, DNA injection, replication, bacterial lysis, and reinfection of
nearby pathogens—highlighting high specificity and minimal impact on the human microbiome) and
(b). Personalized Medicine in AMR Management (The diagram depicts the integration of PCR/NGS
diagnostics, resistance gene profiling, patient-specific EHR data, and targeted therapy selection in a
closed-loop system supporting antimicrobial stewardship).

4.7. Translational Research

Parallel to technological innovation, translational research pathways—such as phased
clinical trials and public—private partnerships (PPPs)—are essential for moving AMR
innovations from bench to bedside. Early-phase clinical evaluations have tested novel
interventions like bacteriophage therapy and CRISPR-Cas-based antimicrobials. For in-
stance, Plumet et al. (2022) reviewed Phase 1/1I trials of phage therapies and highlighted
key regulatory hurdles, including dose standardization and manufacturing protocols [39].
Similarly, Rabaan et al. (2023) analyzed CRISPR-Cas trials and emphasized the importance
of minimizing off-target effects to align with evolving regulatory standards [40].

Public—private partnerships have also played a crucial role in accelerating innovation
and expanding access in low- and middle-income countries (LMICs). One such initiative,
the Combating Antibiotic-Resistant Bacteria Biopharmaceutical Accelerator (CARB-X),
supports the development of regionally adaptable solutions, including phage banks and
mobile diagnostic labs. A 2023 report published in npj Antimicrobial Resistance credited
CARB-X with significantly enhancing diagnostic and therapeutic capacity in resource-
constrained settings [49].

When integrated with global frameworks such as the World Health Organization’s
Global Antimicrobial Resistance and Use Surveillance System (GLASS), these ML-driven
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and translational initiatives form a comprehensive approach to ensuring AMR interventions
are not only scientifically robust but also accessible, equitable, and sustainable across
diverse health systems. The synergy of ML and translational research approaches to
combat AMR is shown in Figure 3.

%o

Machine Learning Translational Research
i) l
Antibiotic susceptibility Clinical trials
prediction |
\ Public-private
Resistance pattern partnerships
analysis
I
FEEDBACK . INFORMED . AMR

AMR e p
INTERVENTIONS Interventions

Figure 3. Machine learning and translational research pathways in AMR intervention. (The di-
agram illustrates the synergy between ML-driven prediction/analysis and translational research
components—including clinical trials and public—private partnerships—feeding into informed AMR
interventions through iterative feedback loops).

5. Discussion

Antimicrobial resistance (AMR) continues to threaten global health security, prompting
a demand for transformative and equitable approaches that transcend conventional antimi-
crobial therapies. The innovative interventions discussed—ranging from nanotechnology-
based drug delivery systems to bacteriophage therapy, CRISPR-Cas genome editing, im-
munotherapy, and personalized medicine—offer hope for reshaping infection control. Yet,
translating these laboratory advances into real-world impact is far from straightforward.
Regulatory, ethical, and logistical barriers, especially in resource-limited settings, continue
to hinder broad implementation. The transition of these technologies from proof-of-concept
to clinical practice requires structured, evidence-informed pathways.

Gene-editing systems such as CRISPR-Cas9 and CRISPR-Cas12, while highly effective
in targeting resistance genes, raise ethical concerns about unintended genome modifications
and ecological consequences. These issues demand rigorous oversight and the development
of context-specific regulatory frameworks that balance innovation with safety and ethical
integrity [33]. Without addressing these foundational gaps, even the most promising
interventions may remain inaccessible to those who need them most.

In many low- and middle-income countries (LMICs), implementing technologies
such as next-generation sequencing (NGS) and nanomedicine is challenged by high costs,
limited infrastructure, and a shortage of skilled personnel. However, these challenges are
not insurmountable. Adaptations like local phage banks, open-source diagnostic platforms,
and mobile molecular testing units provide scalable alternatives. Global initiatives such
as the WHO’s Global Antimicrobial Resistance and Use Surveillance System (GLASS)
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exemplify how data sharing and coordinated surveillance can support countries with
limited resources while contributing to a broader international knowledge base [49]. These
strategies can ensure that innovation is not confined to high-income settings but equitably
benefits populations worldwide.

Structured translational pathways, such as phased clinical trials and public—private
partnerships (PPPs), are pivotal in bridging the gap between laboratory innovation and
clinical application for AMR technologies. Phased clinical trials provide a systematic
approach to evaluate safety, efficacy, and scalability, progressing through Phase I to IV to
generate robust evidence for regulatory approval. For example, bacteriophage therapy
trials can standardize dosing protocols [50], while CRISPR-Cas trials can assess off-target
risks, addressing ethical concerns [33]. PPPs, like the Combating Antibiotic-Resistant
Bacteria Biopharmaceutical Accelerator (CARB-X), combine private sector innovation with
public sector oversight to fund development, support technology transfer, and build local
capacity in LMICs [49]. By integrating with global initiatives like GLASS and local solutions
such as mobile testing units, these pathways ensure equitable access, enabling technologies
to address AMR effectively across diverse settings.

In parallel with biomedical advances, the integration of data science—particularly
machine learning (ML)—is reshaping how clinicians predict, diagnose, and respond to an-
timicrobial resistance. ML has demonstrated potential in predicting antibiotic susceptibility
using routine clinical and microbiological data, especially in intensive care settings where
time-critical decisions are paramount [13]. Studies have shown that algorithms using basic
demographic and culture data can improve empirical antibiotic selection, reduce treatment
delays, and improve outcomes [46].

Recent studies showcase how ML, when leveraged in LMIC contexts, can improve
AMR surveillance and decision-making. For instance, ML models trained on United King-
dom E. coli genomic data achieved up to 94% accuracy when validated with Ugandan,
Nigerian, and Tanzanian datasets in predicting ampicillin resistance [51]. In Uganda, ML
methods like logistic regression and gradient boosting performed well in predicting resis-
tance to TB drugs using WGS and clinical data, although transferability to other regional
datasets highlights generalizability challenges [52]. Moreover, antimicro.ai, developed in
Kenya, exemplifies a local Al tool designed to predict antimicrobial susceptibility using
open datasets—demonstrating the potential for LMIC-led innovation in AMR manage-
ment [53]. Overall, these real-world examples demonstrate how ML can transform AMR
surveillance from reactive monitoring to predictive, intervention-focused systems integrat-
ing ML and precision medicine into AMR strategies within resource-constrained settings.

These capabilities have the potential to shift AMR management toward earlier,
evidence-driven interventions that slow resistance spread. However, their deployment
must be underpinned by strong ethical frameworks that address data privacy, algorithmic
bias, and patient consent [14]. The rise of generative Al in healthcare underscores the
urgent need for secure, transparent, and accountable data governance.

To ensure successful implementation and scale-up of these innovations, interdisci-
plinary collaboration is essential. An inclusive, global model for integrating these tech-
nologies into health systems could be achieved through a multi-stakeholder consortium
that unites researchers, regulators, industry partners, and policymakers. Such a collabora-
tive framework would facilitate knowledge transfer, accelerate technology adoption, and
harmonize global efforts. By focusing on shared goals such as equitable access, infrastruc-
ture development, and workforce training, this consortium could bridge the gap between
innovation and implementation [36,54].

Finally, equity must remain at the center of all AMR-related interventions. Technologi-
cal innovation alone cannot solve the AMR crisis if it remains inaccessible to the populations
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most at risk. Contextualizing these solutions within national AMR action plans, embedding
them in health systems strengthening agendas, and supporting implementation research
will be crucial to understanding what works, where, and why. Personalized medicine, for
example, holds great promise in aligning treatment to pathogen and patient profiles, but its
benefits will only be realized through cost-effective diagnostics, electronic health records
integration, and clinician training in diverse health systems [55].

To enhance the feasibility and impact of these strategies in low- and middle-income
countries (LMICs), a range of coordinated policy actions is required. Establishing re-
gional bacteriophage banks offers a localized and cost-effective approach to managing
multidrug-resistant pathogens such as Klebsiella pneumoniae and MRSA, particularly when
governments collaborate with academic and healthcare institutions to develop production
facilities and train microbiologists. Making rapid molecular testing accessible through
subsidies for open-source diagnostics, including CRISPR-based SHERLOCK Kkits, can fur-
ther strengthen early detection and response capacities. Mobile diagnostic units—piloted
in partnership with global initiatives like CARB-X—could significantly expand testing
coverage in rural and underserved areas. In parallel, healthcare workforce development
should prioritize hands-on training in nanotechnology, CRISPR-Cas, and machine learn-
ing through collaborations with regional universities, ensuring clinicians and laboratory
professionals are equipped to implement these technologies effectively [52]. National
health policies should explicitly integrate AMR control strategies, such as nanomedicine
and phage therapy, supported by earmarked funding aligned with WHO GLASS guide-
lines. Public—private partnerships (PPPs) can facilitate innovation scale-up by investing in
local nanoparticle production, expanding electronic health record systems, and promot-
ing equitable technology transfer. In addition, engaging community health workers in
AMR surveillance through low-cost diagnostic tools can generate locally relevant data for
real-time trend monitoring and targeted interventions. A robust ethical and regulatory
framework will also be critical, requiring the establishment of regional ethics boards and
alignment of regulatory standards with WHO recommendations to ensure timely, safe,
and equitable access to novel therapies. These combined efforts can drive the successful
implementation of biotechnological innovations and ensure their benefits are equitably
distributed within LMIC health systems [56].

While this narrative review highlights transformative AMR interventions, certain
limitations must be acknowledged. The analysis is based solely on peer-reviewed, English-
language literature, excluding grey literature and regional studies that may offer additional
insights. Moreover, the heterogeneity in trial designs and technology maturity levels
limited direct comparisons across interventions. Future reviews should consider systematic
methodologies and include stakeholder consultations to validate feasibility in diverse
health systems.

6. Future Directions

Integrating environmental reservoirs of antimicrobial resistance (AMR) into biotech-
nological approaches will enhance monitoring of antibiotic-resistant genes (ARGs) in the
environment. Advanced approaches such as CRISPR-enriched metagenomics improve
the detection of low-abundance ARGs in wastewater [57]. Recent genome-based studies
show that mobile genetic elements play a key role in ARG transmission within wastewater
treatment systems [58]. Additionally, synthetic biology provides promising avenues for
AMR control, with Al-designed antimicrobial peptides offering customizable and less
immunogenic options. These advances highlight how biotechnological tools can identify
AMR hotspots and inform targeted interventions.
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7. Conclusions

Antimicrobial resistance (AMR) represents a dynamic and escalating global health
challenge that demands innovative, scalable, and equitable solutions. This narrative review
outlines a strategic blueprint for addressing AMR through the integration of advanced
biotechnologies—such as nanotechnology-based drug delivery, bacteriophage therapy,
CRISPR-Cas systems, immunotherapy, and personalized medicine alongside robust public
health infrastructures and data-driven interventions. These emerging therapies, particularly
when supported by machine learning (ML) analytics, hold transformative potential for
optimizing clinical outcomes, improving diagnostic precision, and reducing reliance on
conventional antibiotics.

However, realizing this potential requires more than scientific innovation; it demands
the resolution of regulatory and ethical challenges, especially concerning gene-editing
and Al-driven technologies, as well as the development of equitable access strategies
for resource-limited settings where the AMR burden is greatest. Low-cost adaptations,
inclusive data-sharing frameworks, and region-specific implementation pathways must
be prioritized.

Furthermore, building a resilient and sustainable global response calls for interdis-
ciplinary collaboration among researchers, policymakers, healthcare leaders, and com-
munities, supported by strong capacity-building and funding mechanisms. Ultimately,
a future-proof strategy against AMR hinges on merging innovation with ethical gover-
nance, equity-driven policies, and global solidarity, ensuring that antimicrobial efficacy is
preserved and public health systems are strengthened for generations to come.
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