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[bookmark: _GoBack]ABSTRACT: Antimicrobial resistance (AMR) is a major global health threat that demands precise and targeted alternatives to conventional antibiotics. CRISPR–Cas systems have emerged as programmable tools capable of selectively targeting resistance genes, virulence factors, and essential bacterial sequences, enabling sequence-specific killing or re-sensitization of multidrug-resistant pathogens. This article examines key CRISPR-based antimicrobial strategies, including plasmid curing, gene disruption, and base editing, with emphasis on their functional outcomes in clinically relevant bacteria. Particular attention is given to delivery platforms, which remain the primary bottleneck for effective application. Approaches such as engineered bacteriophages, conjugative and broad host-range plasmids, nanoparticle-based systems, and extracellular vesicles are evaluated based on delivery efficiency, host specificity, and performance in complex microbial environments. Recent innovations, including biomimetic vesicles and CRISPR-associated transposase systems, further demonstrate the expanding capabilities of targeted genome manipulation. The utility of CRISPR-based systems in diagnostics is also highlighted, particularly for rapid and sensitive detection of antimicrobial resistance genes, supporting improved surveillance strategies. However, several challenges limit clinical translation, including inefficient delivery in vivo, off-target effects, immune responses, and the potential emergence of CRISPR-resistant bacterial variants. Future progress will depend on optimizing delivery systems, improving targeting specificity through advanced guide RNA design, and integrating computational tools for resistance monitoring. With continued development, CRISPR–Cas technologies offer a highly adaptable platform for precise antimicrobial intervention and hold strong potential for addressing the growing burden of AMR.
1. Introduction:
Antimicrobial resistance (AMR) is a major global health threat that compromises the effectiveness of antibacterial and antifungal drugs, undermining decades of therapeutic progress. Microorganisms adapt through mutation and horizontal gene transfer under selective antimicrobial pressure, leading to multidrug-resistant strains. The overuse and misuse of antimicrobials in human medicine, veterinary practice, and agriculture—combined with a limited pipeline of new drugs—have accelerated this crisis, resulting in substantial epidemiological and economic consequences worldwide (Tang et al., 2023).
Recent surveillance data illustrate the scale and variability of AMR across regions. In 2024, the European Centre for Disease Prevention and Control reported that methicillin-resistant Staphylococcus aureus (MRSA) bloodstream infections in the European Union declined to 4.48 per 100,000 population, meeting the 2030 reduction target. However, third-generation cephalosporin-resistant Escherichia coli exceeded target levels, and carbapenem-resistant Klebsiella pneumoniae increased by 61% compared to 2019, showing a significant upward trend. These findings highlight that while stewardship efforts can reduce certain resistant pathogens, critical Gram-negative resistance continues to escalate (ECDC, 2024).
In the United States, the Centres for Disease Control and Prevention reported in 2024 that six major antimicrobial-resistant hospital-onset infections increased by 20% during the COVID-19 pandemic, peaking in 2021 and remaining above pre-pandemic levels in 2022. Notably, clinical cases of Candida auris rose nearly five-fold between 2019 and 2022, reflecting the vulnerability of healthcare systems during periods of intense antimicrobial use (CDC, 2025).
India’s 2024 report from the National Centre for Disease Control under the NARS-Net surveillance program further underscores the concern. Reported isolates increased substantially to 195,077, with E. coli (33%) and Klebsiella spp. (23%) predominating. While MRSA proportions declined, vancomycin-resistant Enterococcus increased from 11% (2021) to 22% (2024). ESBL-producing E. coli rose to 81% and carbapenem resistance showed marked increases in E. coli, Klebsiella and Acinetobacter species (ICMR, 2025).
Collectively, these global trends demonstrate persistent and rising resistance, particularly among Gram-negative pathogens. Given the interconnected nature of human, animal, and environmental reservoirs, reducing antimicrobial dependence in animal production through validated alternative strategies is essential for sustainable health systems under a One Health framework.
2. CRISPR–Cas Systems in Next-Generation Antimicrobial Development
A highly sophisticated adaptive immune mechanism in bacteria, namely CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)–Cas systems, confer protection against invading genetic elements such as bacteriophages and plasmids. These systems serve as a molecular memory of past infections consisting of short repeat sequences interspaced with “spacers” derived from previously encountered foreign DNA. The CRISPR-Cas machinery recognizes and cleaves the invading nucleic acid in a sequence-specific manner upon subsequent exposure to the same pathogen, ensuring targeted defense. Based on structural and functional diversity, CRISPR-Cas systems are broadly classified into Class 1 (Types I, III, IV) and Class 2 (Types II, V, VI), each comprising multiple subtypes (Hille et al., 2018).
The CRISPR immune response operates through three key stages: adaptation, expression, and interference. During adaptation, fragments of invading DNA are incorporated as new spacers into the CRISPR array, primarily mediated by Cas1 and Cas2 proteins (Devi et al., 2022). In the expression phase, the CRISPR locus is transcribed into precursor CRISPR RNA (pre-crRNA), which is subsequently processed into mature CRISPR RNAs (crRNAs). In the interference stage, these crRNAs, in association with Cas proteins, form a surveillance complex that identifies and binds complementary target sequences in invading DNA, typically adjacent to a protospacer adjacent motif (PAM), leading to precise cleavage and inactivation of the foreign genetic material (Shi et al., 2022; Zakrzewzka & Burmistrz, 2023).
The unique properties of CRISPR-Cas systems—particularly their programmability and sequence specificity—have enabled their repurposing as powerful genome-editing and antimicrobial tools (Huang et al., 2022). Unlike conventional antibiotics, which often exert broad-spectrum effects and promote resistance, CRISPR-based antimicrobials can be engineered to selectively target essential genes or resistance determinants within pathogenic bacteria. By designing guide RNAs (gRNAs) that recognize specific genomic sequences, the CRISPR-Cas system can introduce double-stranded breaks in bacterial DNA, resulting in lethal chromosomal damage or the selective elimination of resistance-conferring elements such as plasmids. This precision allows discrimination between pathogenic and commensal microbiota, a significant advantage over traditional antimicrobial approaches (Yang et al., 2024).
Earlier genome-editing platforms such as Zinc Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs) demonstrated targeted DNA cleavage but were limited by design complexity, delivery challenges, and restricted target range. In contrast, CRISPR-Cas systems—particularly the Type II Cas9-based platform—offer greater simplicity, flexibility, and efficiency, making them highly adaptable for antimicrobial applications (Zubair et al., 2025).
Given the escalating burden of antimicrobial resistance, CRISPR-Cas technology presents a promising and innovative alternative strategy. Its ability to precisely target and eliminate resistant pathogens or resistance genes positions it as a transformative tool in the next generation of antimicrobial interventions.
3. Applications of CRISPR–Cas Systems in Combating Antimicrobial Resistance
The CRISPR–Cas system, recognized for its precision and adaptability in genome editing, has emerged as a promising tool in combating antimicrobial resistance (AMR). Functioning through RNA-guided nucleases, it enables sequence-specific targeting and cleavage of DNA via interactions between guide RNAs, protospacer sequences, and protospacer adjacent motifs (PAM). This allows precise interference at defined genetic loci, particularly targeting resistance genes or essential chromosomal regions.
Recent studies have demonstrated diverse and innovative CRISPR-based antimicrobial applications. Engineered constructs such as “scissors plasmids” utilize guide RNAs (gRNAs) to direct Cas9 to specific DNA sequences, enabling targeted genome disruption. CRISPR-Cas systems have been effectively used to selectively eliminate antibiotic-resistant bacteria while sparing commensal microbiota, particularly when delivered via bacteriophages. For instance, phagemid-based delivery of CRISPR-Cas9 has shown efficient removal of methicillin-resistant Staphylococcus aureus (MRSA) from mixed populations, significantly reducing resistance levels. Similarly, CRISPR-mediated targeting of resistance determinants such as bla, mcr-1, and carbapenemase genes in Escherichia coli and Klebsiella pneumoniae has demonstrated the ability to eliminate resistance plasmids and restore antibiotic susceptibility.
Combination strategies further enhance CRISPR efficacy. Approaches such as PRESA integrate CRISPR-Cas9 with conventional antibiotics to block plasmid transfer and prevent the emergence of resistant mutants, thereby restoring the effectiveness of low-cost drugs (Khambhati et al., 2023). Advanced systems like ATTACK combine CRISPR targeting with toxin–antitoxin modules to improve killing efficiency against multidrug-resistant pathogens. Additionally, targeting multiple genomic loci simultaneously has been shown to be as effective as single-site targeting, indicating flexibility in CRISPR design (Wang et al., 2023).
A variety of delivery platforms—including bacteriophages, conjugative plasmids, polymer-coated nanocomplexes, and engineered bacteria—have been developed to improve targeting efficiency and specificity (Chen & Ping, 2023). These systems enable CRISPR-mediated disruption of both chromosomal genes and mobile genetic elements. Notably, CRISPR-Cas systems have also shown effectiveness against Gram-positive pathogens such as Enterococcus faecalis, where targeting resistance genes like tetM and ermB reduces antimicrobial resistance and limits gene acquisition (Tao et al., 2022).
Despite these advancements, several challenges remain. CRISPR-mediated DNA targeting can induce cytotoxic effects due to irreversible genomic damage, which, while beneficial for bacterial killing, necessitates precise control. Off-target effects, variability across bacterial species, and incomplete understanding of CRISPR’s role in horizontal gene transfer further complicate its application. Most critically, the development of efficient and reliable delivery systems remains a major bottleneck.
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Fig. 1. CRISPR system mode of action
4. CRISPR Cas delivery systems:
4.1. Plasmid vector based delivery:
Plasmid-based delivery is a key strategy for applying CRISPR–Cas systems to combat antimicrobial resistance. By incorporating CRISPR components into plasmid vectors, resistance genes can be specifically targeted and cleaved, leading to re-sensitization of drug-resistant bacteria. Conjugation, a natural horizontal gene transfer mechanism, facilitates the spread of these CRISPR-bearing plasmids across bacterial populations, enabling sequence-specific elimination of resistance determinants (Tao et al., 2022).
Engineered plasmids have demonstrated effectiveness in targeting major resistance genes such as blaNDM, blaKPC, and mcr-1, restoring susceptibility to carbapenems and colistin in organisms like Escherichia coli and other Enterobacteriaceae. Targeted antimicrobial plasmids (TAPs) further enhance delivery efficiency and help prevent the spread of resistance. Importantly, recipient bacteria can retransmit these plasmids, amplifying their impact within microbial communities (Long et al., 2024).
A broad host-range IncP1 plasmid, pKJK5, engineered to carry CRISPR–Cas9 (pKJK5::csg), demonstrated the ability to both block acquisition and eliminate existing AMR plasmids in Escherichia coli, with effectiveness across diverse environmental, livestock-associated, and human-derived isolates, including Pseudomonas spp. (Sünderhauf et al., 2025). Similarly, the Inc.Q-based vector pQ-mini incorporating CRISPR-Cas12f enabled efficient gene-curing across a wide range of bacteria, particularly Enterobacterales, showing improved conjugation efficiency and effective removal of resistance genes such as mcr-1 and blaKPC (Long et al., 2024).
Self-transmissible conjugative plasmids such as pRK24 and pBP136 have also been engineered to deliver multiplexed CRISPR–Cas9 systems targeting both virulence and resistance genes in pathogens like E. coli (EHEC/EPEC) and Salmonella enterica. These systems achieved selective killing of pathogenic strains, efficient curing of multidrug-resistant plasmids, and reduced intestinal colonization in murine models (Sheng et al., 2023).
Table. 1. Plasmid based delivery of CRISPR Cas system
	Plasmid System
	Target Organisms / Genes
	Key Strategy
	Major Outcomes
	Reference

	pKJK5::csg (IncP1)
	E. coli, Pseudomonas spp., AMR plasmids
	Broad host-range conjugative CRISPR–Cas9 delivery
	Blocked uptake and eliminated existing AMR plasmids across diverse isolates
	Sünderhauf et al., 2025

	pQ-mini (Inc.Q + Cas12f)
	Enterobacterales; mcr-1, blaKPC
	High-efficiency conjugative delivery with CRISPR-Cas12f
	Broad host transfer; efficient gene-curing comparable to pCasCure
	Long et al., 2024

	pRK24, pBP136 derivatives
	E. coli (EHEC/EPEC), Salmonella enterica, blaCMY-2
	Multiplexed CRISPR–Cas9 targeting virulence and resistance genes
	Selective pathogen killing, plasmid curing, reduced gut colonization (in vivo)
	Sheng et al., 2023

	IncI2 conjugative CRISPR plasmid
	E. coli, blaCMY
	Conjugative CRISPR–Cas9 delivery in gut microbiome model
	>97% resistance reduction when delivered; effectiveness limited by conjugation efficiency
	Lougheed, 2025


Additionally, a conjugative CRISPR–Cas9 system targeting the blaCMY gene demonstrated over 97% reduction in cefotaxime resistance in E. coli when effectively delivered, with significant in situ reductions observed in a bioreactor model of the cattle gut microbiome. However, its overall performance was limited by conjugation efficiency and environmental variability, highlighting delivery as a critical factor (Lougheed, 2025).
However, delivery efficiency remains a major limitation. Strategies to improve conjugation, such as pheromone-responsive plasmids in Enterococcus faecalis, show promise by enhancing cell-to-cell contact and increasing transfer rates. Overall, conjugative plasmid systems offer a scalable and effective approach for CRISPR-based AMR control.
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Fig.2. Plamid based delivery of CRISPR Cas systems
4.2. Phage vector based delivery:
Engineered bacteriophage-based delivery systems represent a significant advancement in CRISPR-mediated antimicrobial strategies. Conventional antibiotics often fail due to the acquisition of resistance genes or mutations in bacterial targets, whereas CRISPR/Cas systems enable precise, sequence-specific killing without disrupting the native microbiota. One notable approach involves the use of a genetically engineered temperate bacteriophage (φSaBov) for targeted delivery of CRISPR/Cas9 against Staphylococcus aureus, achieving near-complete decolonization in vitro and substantial reduction in bacterial load in vivo. Enhancements such as tail fiber modification expanded host range, while deletion of virulence genes improved safety by reducing toxin dissemination. Environmental conditions were also shown to influence efficacy, with hydrated conditions supporting better CRISPR activity (Park et al., 2017). Complementing this, another study utilized the ΦNM1 phage system in S. aureus, delivering CRISPR constructs targeting resistance genes such as aph-3 and mecA, resulting in antibiotic re-sensitization, selective killing, and prevention of skin infections in murine models (Bikard et al., 2014). In another study, a broad host range P1-derived phagemid has been demonstrated to efficiently deliver Cas9 constructs into Escherichia coli and Shigella flexneri, enabling sequence-specific bacterial killing and significantly reducing infection burden in vivo (Huan et al., 2023). Kawaguchi et al. (2025) reported a programmable antimicrobial strategy using phage capsid-mediated delivery of CRISPR-Cas13a to target carbapenem-resistant Pseudomonas aeruginosa. A non-replicative antibacterial capsid (AB-Capsid) was engineered to deliver Cas13a along with a guide RNA targeting the blaIMP-1 gene encoding metallo-β-lactamase. This system specifically inhibited the growth of resistant strains and significantly reduced the minimum inhibitory concentration of imipenem, restoring antibiotic susceptibility.
In parallel, advanced phage engineering strategies have enabled precise genome editing using CRISPR-associated transposase systems. A temperature-sensitive λ phage system incorporating mutations such as cI857 and Sam7 allowed controlled infection dynamics and improved editing efficiency by limiting premature host lysis. Integration of CRISPR-guided transposition systems (DART) into the phage genome enabled targeted insertion into loci such as thyA and lacZ, supporting large-scale genomic modifications (Roberts et al., 2025). Editing efficiency was influenced by factors such as multiplicity of infection, promoter strength, and incubation conditions. Additionally, phage-mediated CRISPR delivery has been extended to in vivo microbiome targeting, where M13-derived phages carrying CRISPR-Cas9 systems were orally administered in murine models to selectively target fluorescently labeled Escherichia coli strains in the gut, demonstrating proof-of-principle for sequence-specific microbiome editing without disrupting non-target organisms (Lam et al., 2021).
Further expanding the scope, CRISPR-based base editing systems have been applied to clinically relevant multidrug-resistant pathogens such as Klebsiella pneumoniae. Using fusion constructs such as Cas9 nickase coupled with cytidine deaminase (APOBEC1), precise base editing enabled disruption of resistance genes including fosA, blaKPC-2, blaSHV, and blaCTX-M65. These modifications restored antibiotic susceptibility, particularly to fosfomycin, and enabled efficient deletion of extended-spectrum β-lactamase (ESBL) and carbapenem resistance genes. The integration of CRISPR systems with λ Red recombination further enhanced editing efficiency in these strains, including hypermucoviscous carbapenem-resistant isolates (Wang et al., 2018).
Overall, these studies collectively demonstrate the versatility of phage-mediated CRISPR systems in targeting antimicrobial resistance through mechanisms ranging from selective bacterial killing and gene disruption to precise genome editing and microbiome modulation. Despite their promise, challenges such as delivery efficiency, host specificity, immune responses, and regulatory considerations remain critical barriers that must be addressed to enable clinical translation.
Table. 2. Phage based delivery of CRISPR systems
	Phage / System
	Target Organism(s)
	CRISPR Strategy
	Key Outcomes
	Reference

	ΦNM1 phage system
	Staphylococcus aureus
	CRISPR–Cas9 targeting aph-3, mecA
	Antibiotic re-sensitization; selective killing; prevention of skin infection in murine model
	Bikard et al., 2014

	φSaBov (engineered temperate phage)
	Staphylococcus aureus
	CRISPR–Cas9 delivery via engineered phage (tail fiber modification, virulence gene deletion)
	Near-complete in vitro decolonization; significant in vivo reduction; improved safety and host range
	Park et al., 2017

	Cas9 nickase + APOBEC1, λ Red system
	Klebsiella pneumoniae
	Cytidine deaminase-mediated base editing targeting fosA, blaKPC-2, blaSHV, blaCTX-M65
	Restoration of antibiotic susceptibility; efficient deletion of ESBL and carbapenem resistance genes
	Wang et al., 2018

	M13-derived phage
	Escherichia coli (gut microbiome)
	CRISPR–Cas9 phagemid delivery (oral, in vivo)
	Strain-specific targeting in gut; proof-of-principle microbiome editing without off-target disruption
	Lam et al., 2021

	λ phage (cI857, Sam7 mutants) + DART
	E. coli (targets: thyA, lacZ)
	CRISPR-guided transposition (DART) with controlled infection dynamics
	Precise genome insertion; large-scale edits; efficiency influenced by MOI, promoter strength
	Roberts et al., 2025

	P1-derived phagemid system
	Escherichia coli, Shigella flexneri
	CRISPR–Cas9 chromosomal targeting delivered via phagemid; enhanced packaging via modified pac site
	Sequence-specific bacterial killing; improved phagemid delivery efficiency; significant reduction of bacterial load and increased host survival in zebrafish model
	Huan et al., 2023

	AB-Capsid (non-replicative phage capsid)
	Pseudomonas aeruginosa (blaIMP-1)
	CRISPR-Cas13a (RNA-targeting) delivered via phage capsid
	Gene-specific growth inhibition; reduced imipenem MIC; restored antibiotic susceptibility; high targeting specificity
	Kawaguchi et al., 2025


4.3. Nanoparticle based delivery of CRISPR-Cas systems:
Nanoparticle-based delivery systems have emerged as a promising non-viral approach for CRISPR–Cas-mediated antimicrobial therapy, particularly against multidrug-resistant pathogens such as Staphylococcus aureus. Polymeric nanoparticles and ribonucleoprotein (RNP) complexes have been explored to enable efficient intracellular delivery of CRISPR components targeting resistance genes. For instance, CRISPR systems delivered via polymeric nanoparticles targeting the mecA gene in methicillin-resistant S. aureus (MRSA) demonstrated effective disruption of the resistance determinant, leading to suppression of methicillin resistance and restoration of antibiotic susceptibility (Zhang et al., 2019).
In a related study, a novel CRISPR nanocomplex (Cr-nanocomplex) was developed by covalently modifying the Cas9 protein with cationic polymers, enabling stable complexation with guide RNA. This nanosized complex retained full endonuclease activity and facilitated efficient delivery into MRSA cells, achieving significantly higher genome editing efficiency compared to native Cas9 systems or conventional lipid-based delivery methods. Targeting the mecA gene, the system successfully induced double-stranded DNA breaks, thereby reversing resistance phenotypes (Kang et al., 2017).
Similarly, carbon quantum dot (CQD)-based CRISPR delivery systems have been explored as innovative nanocarriers for targeted antimicrobial applications. In one study, CQDs were covalently conjugated with Cas9 and guide RNA to form “CRISPR-dots” (Cri-dots) targeting the papG gene in uropathogenic Escherichia coli (UPEC). This nanocomplex enabled efficient gene editing, resulting in reduced expression of the adhesion-associated papG gene, which in turn significantly decreased bacterial adherence and biofilm formation. Furthermore, the edited strains exhibited attenuated virulence, as evidenced by improved survival in Caenorhabditis elegans infection models. These findings highlight the potential of CQD-based CRISPR nanocomplexes as a targeted and effective strategy for reducing pathogenicity in multidrug-resistant bacteria (Gupta et al., 2022).
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Table 3. Nanoparticle based delivery of CRISPR Cas systems
4.4. Extracellular vesicle based delivery of CRISPR- Cas: 
Small extracellular vesicles (sEVs) are nanosized (70–200 nm) membrane-bound particles secreted by most cell types and naturally present in biological fluids. They function as key mediators of intercellular communication by transporting a wide range of biomolecules, including mRNAs, microRNAs, DNA, proteins, and lipids, to recipient cells (Moman- Heravi et al., 2018). Owing to their intrinsic biological properties, sEVs have emerged as promising drug delivery vehicles. Their small size and membrane similarity facilitate efficient cellular uptake, while their biocompatibility, low immunogenicity, and minimal toxicity make them suitable for repeated in vivo applications. Additionally, the lipid bilayer structure protects their cargo from enzymatic degradation, and their stability, along with prolonged circulation time, enhances delivery efficiency. These advantages have led to increasing interest in exploiting sEVs for delivering nucleic acid-based therapeutics, including RNA interference molecules and gene editing components (Lotvall et al., 2014).
A novel small extracellular vesicle (sEV)-based platform, safeEXO, has been developed as a non-viral delivery system for CRISPR components. Engineered vesicles carrying Cas9 and guide RNA demonstrated efficient and targeted gene editing in vitro and in vivo, with improved tissue-specific delivery and minimal toxicity. This approach highlights the potential of sEVs as a safe and adaptable platform for CRISPR-based antimicrobial and therapeutic applications (Dubey et al., 2024).
A biomimetic cationic hybrid vesicle (BCV)-based delivery system has been developed to enhance the targeted delivery of CRISPR/Cas9 plasmids against multidrug-resistant pathogens. By integrating bacterial outer membrane vesicles with cationic lipids, BCVs enabled efficient delivery and internalization of CRISPR constructs into resistant bacteria in both in vitro and in vivo models. This approach resulted in effective eradication of pathogens such as multidrug-resistant Acinetobacter baumannii and drug resistant Pseudomonas aeruginosa in infection models, demonstrating the potential of BCVs as a promising non-viral delivery platform for CRISPR-based antimicrobial therapy (Jia et al., 2024).
5. Future perspectives:
CRISPR–Cas systems have emerged as a transformative strategy in combating antimicrobial resistance (AMR), offering unparalleled precision in targeting resistance determinants and pathogenic bacteria. Unlike conventional antibiotics, which often exert broad-spectrum effects and contribute to microbiome disruption, CRISPR-based approaches enable sequence-specific targeting of resistance genes, virulence factors, or essential bacterial loci (Allemailem 2024). This precision facilitates either selective killing of resistant strains or re-sensitization to existing antibiotics, thereby extending the lifespan of current antimicrobial therapies. Multiple CRISPR variants, including Cas9, Cas12a, and Cas3, have demonstrated versatility across diverse bacterial species, aligning well with priority pathogens identified in global frameworks such as the WHO Bacterial Priority Pathogens List (Okesanya et al., 2025).
Despite these advantages, several technical and biological challenges limit the clinical translation of CRISPR-based antimicrobials. A major constraint is the efficient delivery of CRISPR components into target bacteria, particularly in complex in vivo environments and intracellular niches, such as those occupied by pathogens like Salmonella enterica and Mycobacterium tuberculosis. Delivery systems—including bacteriophages, conjugative plasmids, nanoparticles, and extracellular vesicles—have shown promise, yet each presents limitations in host range, efficiency, or safety (Yan et al., 2021). Additionally, the relatively large size of commonly used nucleases such as SpCas9 complicates packaging into delivery vectors like adeno-associated viruses, necessitating exploration of smaller or alternative Cas variants (Uddin et al., 2020).
Another critical concern is the emergence of resistance to CRISPR-based interventions themselves. Bacteria may evade targeting through mutations in spacer sequences, Cas genes, or protospacer regions, as well as through the acquisition of anti-CRISPR (Acr) proteins. Off-target effects in complex microbial communities and potential unintended genomic alterations further complicate therapeutic application, especially in clinical settings. These limitations highlight the importance of integrating bioinformatics tools for optimal sgRNA design, off-target prediction, and resistance monitoring. Advances in computational biology will be instrumental in refining CRISPR specificity and enabling real-time surveillance of resistance evolution (Prokhorova et al., 2022).
From a translational perspective, CRISPR–Cas systems also hold promise in diagnostics and AMR surveillance. CRISPR-based detection platforms offer rapid, sensitive, and specific identification of resistance genes, potentially outperforming conventional PCR-based methods. However, these systems often require prior knowledge of target sequences and may depend on nucleic acid amplification, limiting their application in detecting unknown or emerging pathogens (Wu et al., 2021).
Policy integration and ethical considerations are equally critical for the successful deployment of CRISPR technologies. The development of standardized clinical guidelines, regulatory frameworks, and equitable access strategies is essential, particularly in resource-limited settings where AMR burden is highest. Ethical concerns surrounding gene editing, off-target risks, and ecological impacts must be addressed through robust oversight and long-term studies assessing microbial community dynamics and evolutionary consequences (Allemailem, 2024).
Future research should prioritize the optimization of delivery systems, including engineered bacteriophages and advanced nanoparticle formulations, to enable efficient and targeted in vivo applications. Exploring synergistic approaches that combine CRISPR systems with traditional antibiotics, antimicrobial peptides, or novel therapeutics may further enhance efficacy. Additionally, innovations such as tissue-specific promoters, modular delivery platforms, and next-generation Cas variants could overcome current limitations (Okesanya et al., 2025).
In conclusion, while CRISPR–Cas systems represent a powerful and versatile tool against AMR, their successful clinical implementation will depend on overcoming delivery barriers, minimizing off-target effects, and establishing supportive regulatory and ethical frameworks. With continued interdisciplinary collaboration and technological advancement, CRISPR-based strategies are poised to significantly reshape the future landscape of antimicrobial therapy and global health security (Gholizadeh et al., 2020; Tao et al., 2022).
6. Conclusion:
CRISPR–Cas systems represent a paradigm shift in the fight against antimicrobial resistance (AMR), offering highly specific, programmable approaches to selectively eliminate resistant bacteria or restore antibiotic susceptibility. Evidence across multiple delivery platforms—including bacteriophage-mediated systems (e.g., φSaBov, ΦNM1), conjugative and mobilizable plasmids (e.g., pKJK5::csg, pQ-mini), nanoparticle-based carriers (polymeric nanocomplexes, carbon quantum dots), and emerging extracellular vesicle systems—demonstrates the versatility of CRISPR technologies in targeting resistance genes such as mecA, blaKPC, mcr-1, and fosA, as well as key virulence determinants. These studies collectively highlight the ability of CRISPR systems to achieve sequence-specific killing, plasmid curing, microbiome-sparing interventions, and even precise genome editing in clinically relevant pathogens including Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae.
Despite these promising advances, the clinical translation of CRISPR-based antimicrobials remains constrained by critical challenges. Foremost among these is the efficiency and specificity of delivery systems, particularly in complex in vivo environments and polymicrobial communities. Variability in conjugation efficiency, host range limitations of bacteriophages, and stability concerns in nanoparticle systems significantly influence therapeutic outcomes. Additionally, the emergence of resistance to CRISPR-mediated targeting—through mutations in protospacer regions, CRISPR components, or the presence of anti-CRISPR proteins—poses an important evolutionary challenge. Off-target effects, potential ecological consequences, and fitness costs associated with CRISPR delivery further complicate application in clinical and environmental settings.
Importantly, the integration of CRISPR technologies with advanced bioinformatics tools has enhanced sgRNA design, target specificity, and resistance surveillance, while innovations such as multiplex targeting and CRISPR-associated transposases expand functional capabilities. Moreover, CRISPR-based diagnostics offer rapid, sensitive alternatives for AMR detection, reinforcing their dual role in both therapeutic and surveillance frameworks.
Future progress will depend on optimizing delivery platforms, improving editing efficiency across diverse bacterial hosts, and developing next-generation, compact Cas systems suitable for clinical use. Equally critical is the establishment of robust regulatory, ethical, and policy frameworks to ensure safe, equitable, and responsible deployment. In conclusion, while significant translational barriers remain, CRISPR–Cas systems hold substantial promise as next-generation precision antimicrobials, with the potential to redefine strategies for controlling AMR and safeguarding global public health.
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