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Fig. 1 Design strategies and primary applications of engineered bacteriophages
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Table 1 Design strategies for engineered bacteriophage
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Fig. 2 Engineered bacteriophages break through the bacterial cell membrane and enhances the phage’s efficacy
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Fig. 3 Engineered bacteriophages attenuate bacterial virulence and re—sensitize bacteria to antibiotics
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Fig. 5 Engineered bacteriophages eliminate pathogenic bacteria and regulate microbial community balance
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Table 2 Main challenges and countermeasures in the clinical transformation of engineering bacteriophages
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Abstract Multidrug-resistant (MDR) bacterial infections have emerged as a serious challenge of global public
health crisis. The overuse and misuse of conventional antibiotics have dramatically accelerated the emergence,
evolution and worldwide spread of drug-resistant bacterial strains, necessitating urgent exploration of novel
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antibacterial strategies. Bacteriophages serve as natural bacterial predators offering distinct advantages including
high host specificity, autonomous self-replication capabilities and cost-effective large-scale production. However,
wild-type phages present significant clinical limitations due to their narrow host ranges, susceptibility to rapid
immune clearance and poor penetration of bacterial biofilms, which severely restrict their therapeutic applications.
The convergence of synthetic biology, nanotechnology and advanced gene editing technologies has accelerated
the development of engineered bacteriophage platforms, providing programmable, scalable and clinically
translatable pathways to overcome these inherent biological constraints. Here, we systematically delineate four
fundamental strategies for engineered bacteriophage development. Chemical modification utilizes reactive
functional groups such as amino, carboxyl and thiol moieties on capsid proteins through esterification, amidation
or click chemistry reactions to achieve precise drug conjugation and surface functionalization. /n vivo editing
encompasses ultraviolet or chemical mutagenesis for random mutation induction, homologous recombination for
targeted genetic alterations, recombineering methodologies including electroporation-mediated bacteriophage
recombination engineering, and CRISPR-Cas systems for precise genome editing to enable exact genetic
reconstruction and host range reprogramming. /n vitro synthesis leverages genome engineering platforms where
intact phage genomes are transferred into yeast or host bacteria to facilitate highly efficient homologous
recombination, enabling large DNA fragment assembly and cross-gene host range expansion without bacterial
toxicity constraints. Directed evolution combines artificial selection through mutation library screening with
rational design approaches involving chimeric receptor binding protein construction or site-specific mutagenesis,
effectively balancing the discovery of unknown adaptive pathways with targeted host specificity modification.
Moreover, we comprehensively discuss therapeutic applications across diverse clinical scenarios. Engineered
bacteriophage effectively disrupt bacterial biofilms through sophisticated functionalized delivery platforms
including nanozyme-conjugated phages, phage-liposome nanoconjugates and bio-responsive hydrogels,
demonstrating significantly enhanced bactericidal efficiency compared to unmodified free phages. These
bioengineered vectors attenuate bacterial virulence and resensitize pathogens to antibiotics by delivering CRISPR-
Cas systems or base editors to disrupt critical virulence factors such as pili, capsule synthesis machineries and
quorum sensing systems, or by inactivating antibiotic resistance determinants including beta-lactamase genes. As
an intelligent nanomedicine delivery platform, engineered bacteriophage enable precise pathogen elimination an
through photocatalytic reactive oxygen species generation, immunomodulatory interventions, or controlled release
of antibacterial drugs. Furthermore, oral administration of engineered bacteriophage facilitates microbiota
modulation, which selectively eliminate intestinal pathogens while preserve beneficial commensal microbiota,
thereby restoring microbial community balance and preventing complications associated with dysbiosis. Finally,
we critically analyze persistent challenges including host strain matching complexity, evolution of bacterial
resistance mechanisms, pharmacokinetic optimization requirements, optimal administration route selection, large-
scale production quality control standards and clinical dosing determination protocols. Through multidisciplinary
integration of synthetic biology, infectious disease medicine and immunology, future translational medicine
studies of bacteriophage should establish comprehensive technical platforms encompassing rapid phage screening,
intelligent rational design, rigorous in vivo evaluation and standardized clinical validation processes, ultimately
advancing engineered bacteriophage from laboratory innovations to clinically approved therapeutics for
effectively combating MDR bacterial infections.
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