


Review Article
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Antimicrobial resistance (AMR) represents one of the most profound threats to global public health, with drug-resistant bacterial infections estimated to have caused 1.27 million direct deaths globally in 2019 and contributed to nearly five million further fatalities. The progressive failure of conventional antibiotics, driven by decades of overuse and a near-stagnant discovery pipeline, has catalysed the search for radically different therapeutic paradigms. This narrative review synthesises evidence across four transformative domains — bacteriophage therapy, CRISPR-Cas-based antimicrobials, nanotechnology-mediated drug delivery, and artificial intelligence — and examines how their convergence may define the frontier of precision antimicrobial medicine. Bacteriophages offer exquisite host specificity and can be engineered to circumvent bacterial resistance mechanisms; CRISPR-Cas systems enable sequence-specific targeting of resistance genes and virulence determinants within living bacterial cells; engineered nanoparticles provide sophisticated delivery vehicles capable of penetrating biofilms and concentrating antimicrobial payloads at infection sites; and artificial intelligence accelerates the discovery of novel antimicrobial compounds, the prediction of resistance emergence, and the computational design of therapeutic phages. Collectively, these technologies address the fundamental limitations of conventional antibiotics — broad-spectrum collateral damage, inability to clear biofilms, and susceptibility to resistance — whilst offering new degrees of therapeutic precision. This review maps the current evidence base for each technology, explores their synergistic integration, and discusses the regulatory, ethical, and equity challenges that must be resolved before precision antimicrobial medicine can be delivered equitably at scale.
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1. Introduction
Antimicrobial resistance is a serious threat to the human population and might be responsible for the emergence as well as re-emergence of various infectious diseases. The staggard development of new antibiotics and the resistance acquired by the pathogens against the existing antibiotics is indeed a menace and has aggravated due to the ongoing pandemic (Jacobowski et al., 2025). Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated systems (Cas), a genome-editing tool derived from prokaryotic defense mechanisms, offers precise targeting of antibiotic-resistant genes. By reprogramming CRISPR-Cas, bacteria can be killed or resensitized to antibiotics through plasmid curing. However, clinical applications face challenges, particularly in delivering CRISPR-Cas components effectively. Nanotechnology has emerged as a promising approach for targeted delivery to tissues and cells (Gholamian et al., 2025).



CRISPR-Cas systems, an inherent immune mechanism present in prokaryotes is one of the most popular tools that was first harnessed in 2014 for selective removal of genes responsible for antimicrobial resistance. Gradually gaining considerable momentum in the field of genetics, medicine, and biotechnology, CRISPR-Cas technologies have been rapidly utilized in gene editing in human cells, designing animal models for disease progression studies to develop insect-resistant crop varieties and repurpose inherent bacterial CRISPR-Cas systems for target specific elimination of pathogens (Sen & Mukhopadhyay, 2024). 
1.1 The Convergence of a Perfect Storm
The discovery of penicillin in 1928 ushered in the antibiotic era and transformed the prognosis of bacterial infections that had previously carried near-certain mortality. Yet within decades of each antibiotic's introduction, resistant strains emerged, exposing the fundamental evolutionary pressure that makes monotherapy with any single class of chemical compounds inherently unstable over time. The problem has intensified dramatically in recent years: the global spread of multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR) bacteria now threatens to render routine surgical procedures, cancer chemotherapy, organ transplantation, and neonatal intensive care extraordinarily dangerous. Laxminarayan et al. (2013) described antimicrobial resistance as a 'slow-moving tsunami', noting that the resistance crisis is simultaneously ecological, clinical, economic, and political in character. That characterisation has proven prescient.
The epidemiology of AMR underscores the severity of the challenge. Murray et al. (2022) estimated that bacterial AMR was directly responsible for 1.27 million deaths globally in 2019 and was associated with a further 4.95 million deaths — figures that exceed the mortality burden attributable to HIV/AIDS or malaria in the same year. The same analysis identified lower respiratory tract infections caused by resistant organisms and bloodstream infections as the leading contributors to this toll, with sub-Saharan Africa and South Asia bearing a disproportionate burden. Global antibiotic consumption has risen substantially over preceding decades, with Van Boeckel et al. (2014) documenting a 36% increase in total antibiotic use between 2000 and 2010, driven predominantly by middle-income countries. The parallel expansion of antibiotic use in livestock adds a further ecological dimension: Van Boeckel et al. (2019) demonstrated that resistance rates to commonly used veterinary antibiotics rose sharply in low- and middle-income countries between 2000 and 2018, reflecting the interconnected human-animal-environment triad of AMR transmission. The identification of the plasmid-mediated MCR-1 gene — conferring resistance to colistin, a last-resort antibiotic — in both animal and human isolates in China further illustrated that no class of antibiotic is exempt from resistance emergence (Liu et al., 2016).
Despite this alarming trajectory, the antibiotic discovery pipeline has remained profoundly inadequate. Most newly approved antibiotics are derivatives of existing classes and therefore offer limited protection against organisms harbouring pre-existing resistance mechanisms (Czaplewski et al., 2016). The economic model of antibiotic development has historically been hostile to innovation, as short treatment courses and stewardship imperatives suppress commercial returns relative to those achieved by treatments for chronic diseases. This structural market failure has led to the withdrawal of large pharmaceutical companies from the antibiotic discovery space, leaving academic and public-sector research to carry an increasing proportion of the innovation burden.
1.2 Emerging Therapeutic Paradigms
Into this landscape of unmet need have emerged several transformative technologies. Bacteriophage therapy — the use of viruses that specifically infect and lyse bacteria — enjoyed clinical application in the early twentieth century but was largely displaced by antibiotics in Western medicine. Its resurgence is now driven by the near-collapse of the antibiotic pipeline and by accumulating case-series evidence demonstrating efficacy in XDR infections where no pharmaceutical options remain. The CRISPR-Cas9 system, originally characterised as a bacterial adaptive immune mechanism, has been repurposed not only as a genome-editing platform but as a programmable antimicrobial capable of targeting resistance genes or essential chromosomal sequences with single-nucleotide specificity (Jinek et al., 2012; Doudna & Charpentier, 2014). Advances in nanomedicine have yielded engineered nanoparticles capable of delivering antimicrobial payloads with unprecedented precision — penetrating biofilms, evading efflux pumps, and releasing drugs in response to local pH or enzymatic cues (Mitchell et al., 2021). Finally, machine learning and deep learning algorithms are being applied to large chemical and genomic datasets, enabling the discovery of structurally novel antibiotics and the prediction of resistance phenotypes from genomic sequences at a speed and scale unattainable by conventional laboratory methods (Stokes et al., 2020; Vamathevan et al., 2019).
None of these technologies, taken in isolation, is sufficient to resolve the AMR crisis. Their convergence, however — engineered phages delivered in nanoparticle vehicles and selected by AI-optimised algorithms, for instance — raises the prospect of a qualitatively different era of precision antimicrobial medicine, in which therapy is tailored to the pathogen, the patient, and the infection context with a degree of specificity that broad-spectrum antibiotics cannot approach.
1.3 Scope and Objectives
This review aims to synthesise the current scientific evidence for phage therapy, CRISPR-based antimicrobials, nanotechnology-mediated antimicrobial delivery, and artificial intelligence approaches to AMR management, and to examine the mechanisms by which these technologies may be integrated into convergent therapeutic systems. The article further evaluates the regulatory, ethical, and equity dimensions that will govern their translation into clinical practice. The review is directed at researchers, clinicians, and policy-makers who seek a comprehensive, cross-domain perspective on this rapidly evolving field. It does not attempt to replicate or update specific systematic reviews within individual technology domains, but rather to illuminate the conceptual and practical synergies among phage biology, genome editing, materials science, and computational intelligence as they converge upon the problem of drug-resistant infection.

2. Methods for Literature Selection
2.1 Databases and Search Strategy
This article was conducted as a narrative review, reflecting the multidisciplinary and rapidly evolving nature of its central topic. A narrative approach was deliberately adopted because the convergence of phage therapy, CRISPR, nanotechnology, and artificial intelligence as an integrated theme resists the homogeneous comparator structure required by systematic or meta-analytic designs. As Baethge et al. (2019) noted, narrative reviews are well-suited to synthesising heterogeneous bodies of evidence across multiple disciplines and to identifying conceptual frameworks that purely quantitative summaries may obscure.
Literature was searched across nine databases. The four primary databases were Web of Science, Scopus, PubMed, and Google Scholar. Five field-specific databases were additionally consulted: EMBASE, which was selected for its pharmacological and clinical trial coverage; Europe PMC, for open-access biomedical literature; The Lens, for cross-disciplinary scientific and technical literature; ClinicalTrials.gov, for registered trials of phage therapy and CRISPR-based interventions; and Semantic Scholar, for machine learning and artificial intelligence publications in biology. Search strings were constructed around the following core terms and Boolean combinations: ("antimicrobial resistance" OR "antibiotic resistance") AND ("bacteriophage" OR "phage therapy"); ("CRISPR" OR "CRISPR-Cas") AND ("antimicrobial" OR "antibiotic resistance" OR "bacteria"); ("nanoparticle" OR "nanotechnology" OR "nanomedicine") AND ("antimicrobial resistance" OR "bacterial infection"); ("machine learning" OR "deep learning" OR "artificial intelligence") AND ("antibiotic" OR "antimicrobial resistance"). Medical Subject Headings (MeSH) terms were used in PubMed searches to enhance precision. Searches were conducted covering the date range from 2000 to 2026.
2.2 Inclusion and Exclusion Criteria
Studies were included if they were published in peer-reviewed academic journals, written in English, and reported original findings or substantive critical reviews pertaining to one or more of the four technology domains or their intersection. As discussed by Baethge et al. (2019), the scope of inclusion in narrative reviews should reflect both methodological quality and conceptual relevance to the review's synthesising objectives. Authoritative institutional reports from bodies such as the World Health Organization were included where they provided epidemiological data unavailable in peer-reviewed literature. Studies were excluded if they appeared only in book chapters, grey literature, conference abstracts, trade publications, or as patents. Preprint reports not yet subjected to peer review were also excluded in order to preserve evidential quality. Where multiple publications from the same research programme were identified, the most methodologically comprehensive or most recently updated was preferentially selected to avoid duplication of evidence.
2.3 Screening Workflow and Duplicate Handling
Initial database searches returned in excess of 1600 records. Title and abstract screening was applied to remove records clearly outside the review's scope. Duplicate records identified across databases were removed prior to full-text assessment using reference management software. Full-text review was then applied to the remaining records to determine whether inclusion criteria were satisfied. Studies were selected for inclusion on the basis of methodological rigour, citation influence, recency, and relevance to the review's central theme of technological convergence. The final corpus comprised 34 peer-reviewed journal articles and two institutional reports, totalling 36 references. Classic foundational articles published before 2000 were not excluded on the basis of date but were assessed individually for their continuing conceptual relevance; two articles predating 2010 were retained as methodological and scientific foundation references.
The narrative synthesis integrated findings thematically rather than quantitatively, identifying convergent patterns, unresolved tensions, and research gaps across the four technology domains. This approach, consistent with guidance for conducting and reporting narrative reviews (Green et al., 2006), allowed for the inclusion of heterogeneous study designs — including randomised mechanistic experiments, case reports of high translational significance, computational studies, and epidemiological analyses — within a coherent analytical framework.

3. The Global AMR Crisis: Epidemiological and Clinical Burden
3.1 Mortality, Morbidity, and the Scale of Unmet Need
The quantitative dimensions of the AMR crisis were brought into sharp relief by Murray et al. (2022), whose landmark analysis drew on data from 204 countries to estimate the direct and associated mortality burden of bacterial AMR in 2019. The finding that 1.27 million deaths were directly attributable to drug-resistant infections — and that nearly five million further deaths involved AMR as a contributing factor — established resistance as one of the foremost causes of mortality globally. The pathogens of greatest concern included Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Escherichia coli, organisms that the World Health Organization (2021) has collectively designated as critical or high priority for new antibacterial development under its global surveillance framework. The burden falls most heavily on low- and middle-income countries, where infection control infrastructure, surveillance capacity, and access to second- and third-line antibiotics are most constrained, yet where antibiotic use in both humans and animals is expanding most rapidly (Van Boeckel et al., 2014; Van Boeckel et al., 2019).
The clinical consequences of drug resistance extend well beyond mortality statistics. Patients with MDR infections typically require longer hospitalisation, more intensive care, and more expensive second-line treatments, imposing substantial costs on both healthcare systems and individuals. The proliferation of extended-spectrum beta-lactamase (ESBL)-producing organisms, carb Covidem-resistant Enterobacteriaceae, and methicillin-resistant Staphylococcus aureus (MRSA) has progressively narrowed the therapeutic options available to clinicians, in some instances leaving colistin — a nephrotoxic agent largely withdrawn from clinical use in the 1970s — as the last viable antibiotic. The identification of the plasmid-mediated MCR-1 gene, conferring colistin resistance and demonstrably transferable horizontally among Gram-negative bacteria in both animal and human populations, raised the prospect of truly pandrug-resistant strains entering clinical environments (Liu et al., 2016).
3.2 The Broken Discovery Pipeline
Laxminarayan et al. (2013) framed the antibiotic development crisis as a compound failure of both incentives and innovation, noting that the regulatory and commercial environment systematically undervalues antibiotics relative to other therapeutic categories. Between 1983 and 1987, sixteen new systemic antibiotics received regulatory approval in the United States; between 2008 and 2012, only two did. The great majority of recent approvals are derivatives of existing classes — beta-lactams, macrolides, tetracyclines — sharing biochemical vulnerabilities with the agents that preceded them. Czaplewski et al. (2016) conducted a comprehensive pipeline portfolio analysis and concluded that no clinical candidates of that period were likely to address the urgent unmet need posed by carbapenem-resistant Gram-negative bacteria, and that entirely new mechanisms of action were necessary. It is precisely this structural failure of the conventional pipeline that has elevated bacteriophage therapy, CRISPR-based tools, nanotechnology, and artificial intelligence from scientific curiosities to genuine therapeutic imperatives.

4. Phage Therapy: Revisiting a Century-Old Solution
4.1 Historical Background and Mechanisms of Action
Bacteriophages — viruses that infect bacteria — were first described independently by Frederick Twort in 1915 and Félix d'Hérelle in 1917. D'Hérelle coined the term 'bacteriophage' and was the first to propose their therapeutic application in human disease. Phage therapy was practised throughout the antibiotic era in parts of Eastern Europe and the Soviet Union, and remains institutionally embedded in countries such as Georgia and Poland. In Western medicine, the introduction of penicillin and its successors displaced phage therapy, leaving it largely outside mainstream clinical development for several decades. Its resurgence is now driven principally by the exhaustion of conventional antibiotic options.
The mechanisms by which phages kill bacteria are fundamentally distinct from those of antibiotics. Lytic phages attach to specific surface receptors on target bacteria, inject their genetic material, subvert bacterial cellular machinery to produce new phage particles, and ultimately lyse the host cell to release progeny — a cycle that continues until the bacterial population is eliminated or resistant variants emerge. Lysogenic phages integrate their genome into the bacterial chromosome, potentially remaining dormant for extended periods before re-entering the lytic cycle; for therapeutic purposes, lytic phages are generally preferred, as lysogenic integration carries the theoretical risk of enhancing bacterial virulence through transduction of virulence genes. The receptor specificity of phages — which may discriminate between strains within the same bacterial species — confers the principal therapeutic advantage of host specificity, whilst simultaneously creating the practical challenge of a narrow host range relative to broad-spectrum antibiotics (Gordillo Altamirano & Barr, 2019). Phages also possess properties relevant to biofilm infections: some encode polysaccharide depolymerases that enzymatically degrade the extracellular polymeric matrix of biofilms, enabling access to embedded bacteria (Pires et al., 2016). Furthermore, because phages can co-evolve with bacterial hosts in a reciprocal arms race, they retain an adaptive dynamic capability absent from static chemical drugs (Loc-Carrillo & Abedon, 2011).
4.2 Clinical Evidence
The clinical evidence base for phage therapy has expanded substantially in recent years, though it remains centred on case reports and small compassionate-use series rather than large randomised controlled trials. Schooley et al. (2017) reported the treatment of a life-threatening MDR Acinetobacter baumannii infection in a patient with severe pancreatitis and multiorgan failure, using a personalised phage cocktail administered both intravenously and percutaneously alongside conventional antibiotics; the patient achieved complete recovery. This case established several important proof-of-concept findings: that systemic phage administration is clinically feasible, that phage-antibiotic synergy can be exploited therapeutically, and that personalised phage selection based on in vitro sensitivity testing is practicable within clinically relevant timeframes.
Dedrick et al. (2019) reported an equally significant case — the treatment of a patient with a life-threatening disseminated Mycobacterium abscessus infection following double-lung transplantation, using a cocktail of three bacteriophages, two of which were engineered by CRISPR-Cas-assisted deletion of lysogeny-associated repressor genes to render them obligately lytic. The patient experienced sustained suppression of infection and clinical improvement over an extended treatment course. The case is notable not only for its clinical outcome but for the fact that it demonstrated, in a real patient care context, the feasibility of combining phage therapy with CRISPR-based genome engineering on a clinically relevant timescale.
Chan et al. (2018) described the successful resolution of a Pseudomonas aeruginosa infection of an aortic graft using phage therapy in a patient who had failed multiple courses of antibiotics. The case illustrated the potential of phage-based approaches to address device-associated infections — a category with notoriously poor outcomes under conventional management — and reinforced the concept of phage-antibiotic synergy as a practical therapeutic strategy.
4.3 Phage Cocktails and Engineering Strategies
The narrow host range of individual phages necessitates the development of cocktails — combinations of phages targeting multiple surface receptors or multiple bacterial strains — to broaden therapeutic coverage. Cocktail design introduces its own complexities, including inter-phage competition, the possibility of antagonistic interactions, and the challenge of regulatory approval for preparations whose composition may require adaptation to the clinical isolate. The concept of 'personalised' phage therapy, in which a bespoke cocktail is assembled on the basis of in vitro susceptibility testing of the patient's pathogen, offers the greatest therapeutic precision but places considerable demands upon production capacity and regulatory frameworks (Pirnay et al., 2018).
Synthetic biology and CRISPR-based engineering have opened new avenues for the rational design of phages with improved therapeutic properties. Tao et al. (2017) demonstrated that CRISPR-Cas9 could be used to edit the genome of bacteriophage T4 with high efficiency, enabling the precise insertion or deletion of genetic elements that modulate phage behaviour — including genes encoding receptor-binding proteins that determine host range. Such tools make possible the rational, computationally guided modification of phage genomes that bypasses the limitations of purely selection-based approaches. Kortright et al. (2019) reviewed the renewed momentum in phage therapy research, highlighting the convergence of basic phage biology with urgent clinical need as the principal driver of innovation, and identifying phage engineering, cocktail optimisation, and regulatory adaptation as the key frontiers for the field's maturation.
4.4 Limitations of Phage Therapy
Notwithstanding its promise, phage therapy faces significant limitations that complicate straightforward comparison with conventional antibiotic treatment. The narrow host range that confers therapeutic specificity also demands pathogen identification and phage sensitivity testing before therapy can commence — a turnaround time potentially incompatible with the urgency of sepsis or rapidly progressing infection. Bacteria can evolve resistance to phages through receptor mutation or downregulation, upregulation of restriction-modification systems, or acquisition of CRISPR-Cas immunity against phage DNA, although such resistance mechanisms may sometimes carry a fitness cost that attenuates bacterial virulence (Gordillo Altamirano & Barr, 2019). The human immune system can generate neutralising antibodies against phage proteins, potentially curtailing the efficacy of repeated phage administrations. The pharmacokinetics of phages — their biodistribution, half-life, and immunogenic properties — are incompletely characterised in humans, and standard pharmacological frameworks do not translate straightforwardly to entities capable of self-replication at infection sites (Loc-Carrillo & Abedon, 2011).

5. CRISPR-Based Antimicrobial Strategies
5.1 Foundations of CRISPR-Cas Biology
The CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats–CRISPR-associated protein) system constitutes a form of adaptive immunity found in a substantial proportion of bacteria and the majority of archaea. It functions by incorporating short sequences from invading phages or plasmids into the CRISPR array of the host genome; these sequences are transcribed as guide RNAs that direct Cas nucleases to cleave cognate DNA or RNA in subsequent encounters with the same mobile genetic element. The landmark demonstration by Jinek et al. (2012) that the Cas9 nuclease from Streptococcus pyogenes could be reprogrammed to cleave any target DNA sequence specified by a synthetic guide RNA established the technological foundation for the broader CRISPR revolution in biomedical research. Doudna and Charpentier (2014) subsequently elucidated the structural and functional principles governing CRISPR-Cas9 programmability in a comprehensive review that articulated the system's potential for diverse biological applications far beyond its native immune function.
5.2 CRISPR as a Sequence-Specific Antimicrobial
The repurposing of CRISPR-Cas systems as antimicrobials exploits their capacity to cleave specific DNA sequences within living bacteria. Two foundational studies, published simultaneously in 2014, established this principle. Bikard et al. (2014) demonstrated that CRISPR-Cas9, delivered via a bacteriophage vector, could be programmed to cleave genomic sequences in Staphylococcus aureus, killing target bacteria with high efficiency whilst leaving strains lacking the targeted sequence unaffected. Crucially, the system could distinguish between virulent and non-virulent strains of the same species on the basis of virulence gene sequences, raising the prospect of strain-selective killing that preserves commensal microbiota. Citorik et al. (2014) simultaneously demonstrated that RNA-guided nucleases delivered via bacteriophage or conjugative plasmids could kill specific strains of E. coli and silence resistance genes in a sequence-specific manner, with minimal disruption to off-target bacterial populations.
Beyond Cas9, expanded CRISPR effector repertoires have broadened the antimicrobial toolkit. Kiga et al. (2020) developed a CRISPR-Cas13a-based system capable of targeting bacterial RNA rather than DNA, demonstrating sequence-specific killing activity against priority pathogens including MRSA. The RNA-targeting approach offers the advantage of circumventing bacterial DNA repair mechanisms that can restore function following Cas9-mediated chromosomal cleavage. CRISPR-based strategies have further been used to resensitise resistant bacteria to antibiotics by excising plasmid-encoded resistance genes — a potentially transformative approach in clinical contexts where the goal is to render an existing infection treatable by available agents rather than to eliminate the pathogen directly.
5.3 CRISPR for Diagnostics
The diagnostic application of CRISPR-Cas systems is equally transformative for AMR management. Gootenberg et al. (2017) reported the development of SHERLOCK (Specific High Sensitivity Enzymatic Reporter UnLOCKing), a platform exploiting the collateral RNA-cleavage activity of Cas13a to detect nucleic acid sequences at attomolar concentrations with single-base-pair discrimination. When applied to clinical samples, SHERLOCK demonstrated the capacity to identify pathogen-specific nucleic acid signatures and discriminate resistance-associated sequences with a sensitivity and specificity that positions it as a potential point-of-care diagnostic tool. The application of CRISPR-based diagnostics to AMR represents a fundamental advance in the speed and precision of resistance detection, potentially enabling genotype-informed prescribing at the time of hospital admission rather than days later following culture-based susceptibility reporting — particularly relevant given that Liu et al. (2016) showed how rapidly novel resistance determinants such as MCR-1 can disseminate through plasmid-mediated transfer.
5.4 Delivery Challenges
A principal barrier to the clinical translation of CRISPR-based antimicrobials is the efficient delivery of the CRISPR machinery — comprising the Cas protein and its guide RNA — into the target bacterial cell in sufficient quantity and with adequate stability under physiological conditions. Lino et al. (2018) reviewed the landscape of CRISPR delivery strategies and identified several approaches applicable to bacteria, including bacteriophage-mediated delivery, conjugative plasmid-mediated transfer, and outer membrane vesicle-based systems. Bacteriophage delivery exploits natural mechanisms of bacterial cell entry, but is constrained by the same host-range limitations that characterise phage therapy. Non-viral delivery systems — including lipid nanoparticles, polymeric nanoparticles, and nanotube carriers — offer broader delivery potential but are less well characterised in bacterial target systems than in the mammalian cells for which they were originally developed. This delivery challenge creates a natural interface between CRISPR technology and nanotechnology, with each discipline addressing limitations of the other.

6. Nanotechnology Platforms Against AMR Pathogens
6.1 The Nanoantibiotics Paradigm
Nanotechnology offers a fundamentally different approach to antimicrobial action — one that operates at the scale of individual bacterial cells and subcellular structures. Huh and Kwon (2011) introduced the concept of 'nanoantibiotics' to describe nanoscale materials and systems that either intrinsically possess antimicrobial properties or serve as vehicles for delivering conventional or novel antimicrobial agents with enhanced precision and efficacy. The appeal of nanoscale approaches lies in their capacity to overcome many of the mechanisms by which bacteria resist conventional antibiotics: nanoparticles can circumvent efflux pumps by entering cells via endocytic-like routes; their large surface-area-to-volume ratios allow high local concentrations of antimicrobial agents to be achieved at infection sites; and their physicochemical properties can be engineered to enable stimulus-responsive drug release in reply to bacterial metabolic cues such as local pH, enzymatic activity, or reactive oxygen species.
Pelgrift and Friedman (2013) catalogued three principal modes of nanoparticle antimicrobial action: direct activity arising from the intrinsic physicochemical properties of the nanoparticle, delivery of encapsulated antimicrobial agents to intracellular or biofilm targets, and generation of reactive oxygen species that damage bacterial membranes and DNA. The intrinsic antimicrobial properties of silver, gold, zinc oxide, copper oxide, and titanium dioxide nanoparticles have been extensively characterised; of these, silver nanoparticles have attracted the greatest attention due to their broad-spectrum activity across both Gram-positive and Gram-negative pathogens. Rai et al. (2009) demonstrated the efficacy of silver nanoparticles against MRSA and Pseudomonas aeruginosa, establishing a framework for understanding size-dependent and surface-chemistry-dependent antimicrobial mechanisms that has guided subsequent nanoparticle design.
6.2 Engineered Nanoparticle Delivery Systems
Beyond intrinsically antimicrobial nanoparticles, engineered delivery systems represent a more sophisticated and therapeutically versatile approach. Mitchell et al. (2021) reviewed the design principles governing precision nanoparticle drug delivery, emphasising the importance of particle size, surface chemistry, and targeting moiety selection in determining biodistribution, cellular uptake, and drug release profile. For antimicrobial applications, these parameters can be optimised to achieve accumulation at infection sites, penetration of bacterial biofilms, and controlled intracellular drug release at bactericidal concentrations.
Polymeric nanoparticles composed of biodegradable materials such as poly(lactic-co-glycolic acid) (PLGA) can encapsulate both hydrophilic and hydrophobic antibiotics, protecting them from enzymatic degradation and enabling sustained release at concentrations maintained above the minimum inhibitory concentration over extended periods. Liposomal formulations have been developed for antibiotics such as ciprofloxacin, amikacin, and colistin, enabling aerosolised delivery to pulmonary infection sites in patients colonised by MDR Pseudomonas aeruginosa — a modality of particular relevance to the cystic fibrosis population. Gupta et al. (2019) reviewed the breadth of nanomaterial strategies being developed against AMR pathogens, including cationic nanoparticles that disrupt anionic bacterial membranes, nano-emulsions with fusogenic properties that merge with bacterial membranes, and hybrid nanoparticle-antibiotic conjugates that retain bactericidal activity against organisms resistant to the parent antibiotic alone.
6.3 Anti-Biofilm Nanotechnology
Biofilms represent one of the most clinically intractable manifestations of bacterial persistence. Bacteria growing in biofilms — structured communities embedded in a self-produced extracellular polymeric matrix — are exposed to multiple survival advantages including physical barrier to antibiotic penetration, altered metabolic states that reduce susceptibility to antibiotic targets, and facilitated horizontal gene transfer of resistance determinants. Nanotechnology addresses biofilm infections through several complementary mechanisms: nano-sized particles can penetrate the pores of biofilm matrices through Brownian diffusion; surface modification with agents such as polyethylene glycol reduces non-specific adhesion to biofilm components and enhances penetration depth; and nanoparticles functionalised with enzymes capable of degrading extracellular polymeric substances can disrupt biofilm architecture, exposing bacteria to embedded antimicrobials and to host immune effectors (Gupta et al., 2019).
Hemeg (2017) reviewed the expanding armamentarium of nanomaterials with demonstrated anti-biofilm activity, highlighting the emerging use of nitric oxide-releasing nanoparticles — which disperse biofilms by signalling bacteria to adopt planktonic growth modes — and light-activated nanomaterials that generate localised reactive oxygen species bursts to achieve site-directed killing. The integration of nanoparticle delivery platforms with phage-encoded depolymerases or CRISPR-based antimicrobials represents a logical progression that may overcome the individual limitations of each approach and is the subject of increasing investigation.
6.4 Limitations and Safety Considerations
The clinical translation of antimicrobial nanotechnology faces substantial challenges that merit careful consideration. The toxicological profile of nanoparticles with intrinsic antimicrobial activity — particularly silver and zinc oxide — raises concerns about off-target effects on mammalian cells, particularly in renally impaired patients with reduced nanoparticle clearance. Environmental accumulation of silver nanoparticles raises ecological concerns about toxicity to aquatic organisms and potential selection pressure for nanoparticle resistance in environmental microbial communities. Manufacturing nanoparticles at pharmaceutical grade and scale, with guaranteed batch-to-batch reproducibility of physicochemical properties, represents a formidable technical and regulatory challenge. Pelgrift and Friedman (2013) cautioned that the biological effects of nanoparticles are highly sensitive to particle size, shape, and surface chemistry, making standardisation of preclinical models and extrapolation to clinical settings particularly demanding. These limitations underscore the necessity of rigorous safety assessment programmes as nanoparticle-based antimicrobials progress towards clinical evaluation.

7. Artificial Intelligence in AMR Management
7.1 Machine Learning for Antibiotic Discovery
The application of machine learning and deep learning to the discovery of novel antibiotics represents perhaps the most significant methodological shift in antimicrobial pharmacology since the advent of high-throughput screening. Stokes et al. (2020) trained a graph convolutional neural network on the antibacterial activity of 2,335 known compounds and applied the resulting model to screen a virtual library of more than 107 million drug-like molecules. The model identified halicin — a compound previously investigated as a potential diabetes therapeutic — as a structurally novel antibiotic with broad-spectrum activity, including against Mycobacterium tuberculosis and carbapenem-resistant Acinetobacter baumannii, achieved through a mechanism distinct from any existing antibiotic class. This discovery, accomplished in a fraction of the time and cost required by conventional high-throughput experimental screening, demonstrated that AI-guided approaches can access regions of chemical space that have been largely unexplored by human-intuited synthesis campaigns.
Vamathevan et al. (2019) reviewed the broader application of machine learning across the drug discovery and development pipeline, cataloguing approaches including quantitative structure-activity relationship (QSAR) modelling, generative adversarial networks for de novo molecular design, reinforcement learning for optimising drug-like properties, and natural language processing for extracting structured pharmacological information from biomedical literature. In the AMR context, these approaches are being applied to design compounds with reduced cross-resistance to existing antibiotics, to identify novel molecular targets within essential bacterial biosynthetic pathways, and to predict the pharmacokinetic and toxicological profiles of candidate compounds prior to costly synthesis and in vitro testing.
7.2 AI for Resistance Prediction and Surveillance
Machine learning is equally valuable for predicting resistance phenotypes from genotypic data and for surveillance of resistance emergence at population scale. Moradigaravand et al. (2018) demonstrated that machine learning models trained on whole-genome sequencing data from large clinical collections of Escherichia coli could predict susceptibility or resistance to twelve different antibiotics with accuracy exceeding that of conventional resistance gene databases for most drug-pathogen combinations. The ability to predict resistance phenotype directly from genomic sequence eliminates the 24-to-72-hour delay inherent in culture-based susceptibility testing, potentially enabling resistance-informed prescribing decisions at or near the time of hospital admission rather than days later.
Arango-Argoty et al. (2018) developed DeepARG, a deep learning model trained on a comprehensive database of known resistance genes and applied to the prediction of antibiotic resistance genes in metagenomic data — genetic material recovered directly from clinical or environmental samples without the need for culture. DeepARG outperformed existing computational tools in identifying resistance genes with novel or divergent sequences, making it particularly valuable for detecting emerging resistance determinants not yet catalogued in conventional databases. Tools of this kind are beginning to be integrated into public health surveillance pipelines, enabling real-time monitoring of resistance gene prevalence and horizontal transfer dynamics across microbial communities, with the potential to provide early warning of resistance emergence before clinical spread becomes widespread.
7.3 AI-Assisted Phage and CRISPR Design
Artificial intelligence is increasingly being applied to the rational design of therapeutic phages and CRISPR guide RNAs, complementing the biological approaches discussed in previous sections. Machine learning models trained on phage-host interaction datasets can predict the host range of uncharacterised phages and identify candidate therapeutic agents from environmental metagenomic sequences far more rapidly than experimental screening programmes. For CRISPR applications, computational tools employing machine learning can identify guide RNA sequences with optimal on-target activity and minimal off-target potential — a critical design consideration for antimicrobial CRISPR systems, in which off-target cleavage could disrupt beneficial commensal microbiota or generate genotoxic damage in host cells. The World Health Organization (2021) has highlighted the potential of integrated genomic and digital surveillance approaches for tracking and responding to AMR emergence, underscoring the strategic complementarity of AI-driven tools with conventional public health infrastructure.

8. Convergence: Integrating Multiple Modalities
8.1 Phage-CRISPR Combinations
The most extensively characterised convergent strategy to date is the combination of phage delivery with CRISPR-based antimicrobial payloads. In this paradigm, phages serve not merely as bactericidal agents in their own right but as delivery vehicles for CRISPR-Cas systems programmed to target chromosomally essential sequences or resistance-encoding genetic elements within the infected bacterium. Bikard et al. (2014) and Citorik et al. (2014) both employed phage vectors as delivery systems for their CRISPR antimicrobials, demonstrating that phage-mediated cell entry could overcome the principal barrier to CRISPR delivery in bacterial systems. This combination is synergistic in several respects: the phage provides host-targeted delivery exploiting natural tropism for bacterial surface receptors; the CRISPR system provides additional and independent bactericidal activity; and together they reduce the probability of resistance emergence, since bacterial resistance to both the phage vector and the CRISPR-targeted sequence would need to arise simultaneously.
The engineering of phage genomes using CRISPR tools — as demonstrated by Tao et al. (2017) for bacteriophage T4 — enables the systematic introduction of CRISPR cargoes into phage particles, the elimination of lysogeny-associated genes to ensure obligately lytic behaviour, and the expansion of host range through rational modification of receptor-binding proteins. This bidirectional relationship — in which CRISPR tools engineer phages, and phages deliver CRISPR systems — exemplifies the synergistic potential of convergent antimicrobial approaches and represents a qualitatively new mode of therapeutic design that neither technology domain could achieve independently.
8.2 Nanoparticle-Mediated Delivery of Phages and CRISPR
Nanoparticles offer a complementary delivery strategy that can overcome some of the host-specificity limitations of phage-based delivery. Liposomes, polymeric nanoparticles, and lipid nanoparticles have been explored as encapsulation vehicles for phage particles, protecting them from premature neutralisation by pre-existing serum antibodies and enabling systemic delivery to infection sites that may be poorly accessible to topically or orally administered phages. Lipid nanoparticles — validated as highly effective delivery vehicles for RNA-based therapeutics in the context of mRNA vaccines — represent a natural candidate for delivering CRISPR guide RNA and Cas protein ribonucleoprotein complexes to bacterial targets, combining the delivery efficiency of nanoparticle chemistry with the programmable specificity of CRISPR biology.
Mitchell et al. (2021) identified the convergence of precision nanoparticle engineering with biological therapeutic modalities as a defining trend in drug delivery science, noting that the combination of stimulus-responsive nanoparticle release with biologics of high intrinsic specificity can achieve therapeutic precision unattainable by either component alone. In the AMR context, this principle could be realised through nanoparticles co-encapsulating phages and conventional antibiotics, with biofilm-responsive surface coatings that trigger content release upon contact with the extracellular polymeric substances of bacterial biofilms — maximising local antimicrobial concentration precisely where it is needed whilst sparing distant commensal microbial communities.
8.3 AI-Guided Multimodal Strategy Design
The design of convergent antimicrobial strategies involving multiple components — phage selection, CRISPR guide RNA optimisation, nanoparticle formulation parameters, and dosing schedule — presents a problem of combinatorial complexity that exceeds the capacity of conventional experimental optimisation. Artificial intelligence offers the means to navigate this multi-dimensional design space computationally. Reinforcement learning algorithms can explore the parameter space of combination therapies, identifying component ratios and dosing schedules that maximise bactericidal activity whilst minimising the probability of resistance emergence. Generative models can propose novel phage-CRISPR-nanoparticle combinations by drawing on large training datasets of phage-host interaction data, CRISPR guide activity measurements, and nanoparticle pharmacokinetic parameters. The integration of AI-driven design with high-throughput experimental validation platforms — including automated phage sensitivity testing, robotic nanoparticle formulation, and massively parallel CRISPR activity screening — creates a closed-loop discovery-to-validation pipeline that could dramatically accelerate the development of precision antimicrobial systems. Stokes et al. (2020) demonstrated the feasibility of this approach for conventional small-molecule antibiotics; the extension of analogous methodologies to the multimodal domain represents a tractable and consequential next step.

9. Regulatory, Ethical, and Equity Considerations
9.1 Regulatory Frameworks
The convergent technologies described in this review do not fit comfortably into the regulatory frameworks designed for conventional antibiotics, biologics, or medical devices, posing formidable challenges for medicines approval authorities. Phage therapy occupies a particularly uncertain regulatory space: phage preparations are not small molecules, but neither do they map straightforwardly onto the biologics framework designed for vaccines, monoclonal antibodies, or recombinant proteins. Their self-replicating nature, genomically evolving composition, and the necessity of personalised preparation challenge the fixed-composition paradigm assumed by most pharmaceutical regulatory systems. Pirnay et al. (2018) proposed the concept of 'magistral' phage formulations — preparations compounded for individual patients under the supervision of a qualified pharmacist, analogous to bespoke magistral pharmaceutical preparations permitted in Belgian and several other European regulatory frameworks — as a pragmatic pathway for compassionate use of phage therapy outside formal clinical trials. This model has since been adopted in several European jurisdictions and provides a useful precedent for adaptive regulatory approaches to personalised biological therapies.
CRISPR-based antimicrobials face additional regulatory scrutiny arising from concerns about off-target genomic effects, horizontal transfer of CRISPR elements to non-target organisms, and the ecological consequences of deploying gene-editing systems in open clinical environments. The regulatory approval of CRISPR-based therapeutics for human genetic disease has established important precedents regarding off-target characterisation and long-term safety monitoring requirements that may be applicable, with appropriate adaptation, to antimicrobial CRISPR systems. The World Health Organization (2015) emphasised in its Global Action Plan on Antimicrobial Resistance the necessity of regulatory frameworks that simultaneously promote innovation and ensure the responsible use of novel antimicrobial agents — a principle that remains directly germane to all of the convergent technologies reviewed here.
9.2 Ethical Dimensions
The deployment of self-replicating, engineered biological entities in human patients and clinical environments raises ethical questions that extend beyond those normally associated with pharmaceutical development. CRISPR-modified phages capable of excising resistance genes from bacteria could, in principle, transfer CRISPR-encoding sequences to non-target bacterial species via horizontal gene transfer, with unpredictable ecological consequences for microbial community structure. The use of AI to design antimicrobials raises questions of algorithmic accountability: when a machine learning model recommends a novel compound or phage combination and adverse outcomes ensue, the attributional and regulatory frameworks for accountability remain ill-defined and are only beginning to be addressed in governance discourse. Laxminarayan et al. (2013) argued forcefully that global solutions to AMR require equity of access to both existing and novel antimicrobial agents, and that market-driven innovation systematically underinvests in pathogens that disproportionately affect resource-limited settings — an argument whose force is only amplified when the technologies in question are as sophisticated and expensive as personalised phage cocktails, CRISPR diagnostics, and AI-designed nanoformulations.
9.3 Global Equity and the Path to Translation
Addressing the equity dimension of precision antimicrobial medicine requires not merely the development of effective technologies but the construction of accessible and affordable delivery pathways. Open-science approaches to phage library curation, the publication of AI model architectures and training datasets under open licences, and the development of low-cost nanoparticle manufacturing methods suitable for decentralised production could collectively reduce the barriers to technology transfer. International regulatory harmonisation — enabling clinical evidence generated in one jurisdiction to support approvals in others without duplicative evaluation — could accelerate the global availability of phage preparations and CRISPR-based diagnostic tools. The World Health Organization (2021) surveillance data underscore that the countries with the highest AMR burden are also those with the lowest capacity for novel therapeutic development, making international investment and technology transfer mechanisms — analogous to those deployed for HIV antiretrovirals through the PEPFAR programme and generic licensing frameworks — both a moral and a practical imperative.

10. Conclusions
Antimicrobial resistance has reached a scale at which incremental improvements to existing antibiotic classes are insufficient to avert a public health crisis of the first order. The convergence of phage therapy, CRISPR-based antimicrobials, engineered nanotechnology platforms, and artificial intelligence represents a transformative departure from the paradigm of broad-spectrum chemical antibiotics, offering the prospect of precision antimicrobial medicine in which therapy is tailored to the specific pathogen, resistance genotype, and infection context of the individual patient. Each technology domain contributes distinct capabilities: phages provide biologically derived, host-specific bactericidal activity with intrinsic adaptive potential; CRISPR systems enable programmable targeting of genomic sequences with single-nucleotide specificity; nanotechnology offers advanced delivery vehicles capable of penetrating biofilms, evading immune neutralisation, and releasing therapeutic payloads in a stimulus-responsive and spatially controlled manner; and artificial intelligence provides the computational power to discover novel antimicrobial compounds, predict resistance emergence, and design complex convergent therapeutic systems at a speed and scale that human-directed research alone cannot achieve.
The clinical evidence reviewed here, whilst still nascent — centred principally on compassionate-use case reports and early-phase studies rather than large randomised controlled trials — nonetheless demonstrates proof of concept for each technology and, in several landmark cases, for their combination. The engineering of bacteriophages using CRISPR tools to treat previously untreatable disseminated mycobacterial infections represents one of the most compelling demonstrations of translational convergence in contemporary medicine. The discovery of structurally novel antibiotic scaffolds by deep learning algorithms trained on bacterial growth inhibition data exemplifies the capacity of AI to access antimicrobial chemical space far beyond the reach of conventional discovery platforms.
For this transformative potential to be realised at societal scale, significant progress is required simultaneously across multiple domains: regulatory frameworks must be adapted to accommodate self-replicating and personalised biological therapies; manufacturing and quality assurance standards must be established for engineered phages and complex nanoparticle formulations; the clinical evidence base must be expanded through well-designed adaptive and platform trials; and equitable access mechanisms must be constructed to prevent precision antimicrobial medicine from becoming an exclusive privilege of high-income healthcare systems. The magnitude of the AMR challenge demands that scientific, clinical, regulatory, and policy communities act in concert, treating the convergence of these technologies not merely as an intellectual opportunity but as an urgent humanitarian responsibility.

11. Limitations
This review is subject to several limitations that readers should consider when interpreting its conclusions. As a narrative rather than systematic review, the selection of literature necessarily reflects authorial judgement regarding relevance, methodological quality, and representativeness, introducing the possibility of selection bias that a pre-specified systematic approach might partially mitigate. The heterogeneity of study designs across the four technology domains — ranging from randomised mechanistic experiments and large computational studies to single-patient case reports of high translational significance — precludes quantitative synthesis and limits the strength of comparative conclusions across modalities.
The rapidly evolving nature of all four technology domains means that recent advances — particularly in AI-assisted drug discovery and phage genome engineering, where the pace of development is most rapid — may not yet be fully captured in the peer-reviewed literature available at the time of search. Preprint platforms carry substantial volumes of emerging research in these fields but were excluded from this review to maintain evidential standards; this exclusion may introduce a temporal lag in the representation of the most recent findings. The clinical evidence for phage therapy, CRISPR-based antimicrobials, and antimicrobial nanotechnology remains concentrated in case reports and small series whose inherent design limitations constrain generalisability; the absence of large randomised controlled trial evidence for most applications means that efficacy estimates remain insufficiently controlled for confounding factors including concurrent antibiotic use, patient immune status, and pathogen heterogeneity.
The review was limited to English-language literature, which may have introduced geographic bias, particularly with regard to phage therapy evidence from Eastern European and Russian clinical traditions, where an extensive — but frequently non-English-language — body of clinical experience exists. Finally, the regulatory and ethical landscape surrounding these technologies is in active and rapid flux; the frameworks described reflect the state of governance as of the time of literature search and may require updating as regulatory authorities respond to accelerating clinical development across each of the four domains.
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