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Abstract    
 

    Pseudomonas aeruginosa is a pathogen that causes chronic 

and difficult-to-treat infections, especially in patients with cystic 

fibrosis, burn wounds, and immunocompromised patients. Its 
extraordinary ability to establish biofilms and develop multidrug 

resistance has significantly affected the effectiveness of traditional 

antibiotic therapy, and the treatment of bacteriophage infections has 
once again become a subject of scientific concern.  This present 

review provides a general overview of bacteriophage therapy for P. 

aeruginosa, focusing on the underlying microbiological processes, 
strategies of biofilm therapy, and progress in clinical translation. 

Important aspects of phage–host interactions, including adsorption, 

intracellular replication and bacterial lysis, and factors that 

determine therapeutic efficacy, such as phage resistance and 
immune modulation are discussed. The role of phages in 

destabilizing biofilms of P. aeruginosa by degrading extracellular 

polymeric substances through enzymatic activity, disrupting 
quorum sensing, and having synergistic effects with antibiotics and 

other antimicrobial agents is particularly emphasized. In addit ion, 

this review summarized the existing preclinical and clinical 
information regarding the safety and therapeutic potential of phage 

therapy in respiratory, wound, and device-associated infections. 

Issues relating to regulatory guidelines, phage preparations and 
dosing standardization, and delivery route enhancement are also 

considered. This review integrates mechanistic knowledge with a 

translational perspective and introduces bacteriophage therapy as a 

promising and biologically plausible adjunct or alternative to 
antibiotics in the management of recalcitrant P. aeruginosa 

infections and the need to develop well-designed clinical trials to 

determine the role of phage therapy in routine clinical practice.  
Keywords: Pseudomonas aeruginosa, Bacteriophage therapy, 

Biofilm associated infections, Antimicrobial resistance, Phage–

antibiotic synergy.  

Introduction  

 
    Pseudomonas aeruginosa is a ubiquitous Gram-negative opportunistic pathogen 
and the most frequent cause of healthcare-associated infections, particularly in 

patients with cystic fibrosis, burn wounds, and immunodeficiency. It causes a wide 
spectrum of acute and chronic infections, including pneumonia, wound infections, 
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urinary tract infections, and medical device-related infections (1, 2). The clinical 
treatment of P. aeruginosa infections is becoming more difficult because of its 

inherent resistance to a variety of antibiotic c lasses and its ability to develop 
additional resistance mechanisms through mutation and horizontal gene transfer (3).  

One characteristic of the pathogenicity of P. aeruginosa is its ability to develop 

organized biofilms on both biotic and abiotic surfaces. Cells in biofilms have a highly 
resistant response to antimicrobial agents and immune clearance by the host, 

contributing to chronic and recurrent infections. Traditional antibiotic therapies often 
fail to eliminate these biofilms, leading to longer periods of antibiotic therapy, 

ultimately increasing morbidity and mortality. Therefore, alternative treatment 

measures capable of overcoming antimicrobial and biofilm-mediated resistance are 
urgently needed (4,5).Viruses that only infect bacterial cells, bacte riophages, have re-

emerged as potential biological agents for controlling multidrug-resistant pathogenic 
bacteria. They are highly specific, self-amplifying, and can lyse target bacteria, unlike 

traditional antimicrobial agents (6). Recent molecular biology and genomic research 

has rejuvenated phage studies, enabling the selection, engineering, and formulation 
of phages with enhanced antibacterial and antibiofilm activities. Interestingly, 

bacteriophages and phage-derived enzymes can infiltrate and disrupt Pseudomonas 
aeruginosa biofilms by breaking down extracellular polymeric substances and 

disrupting quorum-sensing networks (7, 8). Although there are encouraging 

preclinical results and an increase in the number of compassionate use and early 
clinical trial cases, numerous scientific, regulatory, and practical challenges face the 

clinical translation of phage therapy. These include phage resistance, host immune 
response, phage preparation standardization, and strong regulatory frameworks (9). 

This review summarizes the existing knowledge on bacteriophage therapy of P. 

aeruginosa in terms of the microbiological basis of the therapy, antibiofilm 
approaches, recent advances toward clinical practice, and outlines the key limitations 

and future research directions necessary to incorporate phage-based interventions 
into contemporary antimicrobial therapy. 

 

Methods  

 
This narrative review summarizes the available evidence on the use of bacteriophages 

as a treatment for Pseudomonas aeruginosa, especially regarding their anti-biofilm 
effect and clinical use. Studies published from 2015 to 2026 were collected from 

PubMed, Scopus, Web of Science, and Google Scholar using various combinations 
of the following keywords: Pseudomonas aeruginosa, bacteriophage therapy, 

biofilm, phage–antibiotic synergy, and multidrug resistance. Articles were selected 

based on scientific relevance, novelty, and importance to the understanding of phage -
based therapy strategies. 

 

Microbiological Characteristics of Pseudomonas aeruginosa 

 
   P. aeruginosa is an opportunistic pathogen, which has been found to reside in many 
reservoirs, such as soil and water, and it is one of the most difficult-to-control 

opportunistic pathogens known to man. The highly variable nature of this organism 
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and its large gene content provide for both metabolic adaptability and a very strong 
ability to quickly adjust to its environment, whether in a clinical setting or otherwise. 

Due to the innate flexibility of this bacterium, it can continue to thrive in hospital 
environments, where it causes chronic and recurrent infections (10, 11) . Virulence 

factors of Pseudomonas aeruginosa contribute to its ability to infect hosts by 

facilitating adherence to host surfaces, evasion of the immune response, and tissue 
destruction. Exotoxin A, elastases (LasA and LasB), alkaline protease, phospholipase 

C, and the Type III Secretion System (T3SS) are some examples of virulence factors 
produced by P. aeruginosa (12). In addition, pigment production such as pyocyanin 

contributes to increased oxidative stress and altered host cell function leading to 

greater severity of disease. Ultimately, a variety of mechanisms including virulence 
factors, P. aeruginosa can colonize the host and grow in environments with extreme 

conditions. The formation of structured biofilms by P. aeruginosa on biological and 
non-biological surfaces is a characteristic property of this bacterial species. Biofilm 

formation is a very complex process which undergoes multiple phases to grow from 

primary adherence phase to microcolonies formation, maturation to the final stage of 
dispersion (14). Biofilm structure is embedded in a polymer matrix that consists 

primarily of polysaccharide compounds such as alginate, Pel, Psl , protein and 
extracellular DNA (15). The quorum sensing (QS) systems are majorly responsible 

for regulating virulence gene expression and biofilm formation in P. aeruginosa. The 

networks of Las, Rhl, and Pqs coordinate the processes of toxin production and 
biofilm maturation with those of chemotaxis and flagellar motility at various cell 

densities. The process of forming a biofilm also provides high levels of antibiotic 
resistance as well as generates highly drug-resistant subpopulations which can be 

difficult to kill (16,17). These microbiological features, including high genomic 

plasticity, complex virulence regulation, and its capacity to form biofilms illustrate 
that P. aeruginosa is an important pathogen. Biofilm formation is a significant factor 

in the development of effective bacteriophages that can address the survival 
mechanisms of bacteria associated with their biofilms (18). Table 1 summarizes the 

major virulence factors and biofilm-associated traits of Pseudomonas aeruginosa. 

 
Table.1: Key virulence factors and biofilm-related traits of Pseudomonas 

aeruginosa (References: 12, 14–17) 
 

Factor Function Role in biofilm and infection 

Exotoxin A Inhibits host protein synthesis Causes tissue damage and 

persistent infection 

Elastases (LasA/LasB) Degrade host proteins Promote invasion and biofilm 

maturation 

Type III secretion system Injects effector toxins Enhances virulence and immune 

evasion 

Pyocyanin Induces oxidative stress Supports chronic infection 

Alginate, Pel, Psl 

polysaccharides 

EPS matrix formation Structural backbone of biofilm 

Quorum sensing systems Regulates virulence genes Controls biofilm development 

Flagella and pili Motility and adhesion Required for surface attachment 

Efflux pumps Antibiotic extrusion Increase tolerance in biofilm cells 
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Bacteriophages Targeting Pseudomonas aeruginosa 

   Pseudomonas aeruginosa bacteriophages constitute a diverse and rapidly growing 

category of viruses with important therapeutic applications. These phages are regularly 
found in environmental samples, such as sewage, soil, and water bodies, where P. 

aeruginosa is naturally abundant (19). Most P. aeruginosa phages are morphologically 
and genetically related to the Myoviridae, Podoviridae, and Siphoviridae families. Phages 

used in clinical settings are primarily lytic strains because temperate phages are associated 

with the risk of horizontal gene transfer and lysogenic conversion (20). 
Phage infection occurs with the help of adsorption to bacterial surface receptors that are 

specific to lipopolysaccharides, type IV pili, flagella, and outer membrane proteins. This 
specificity underlies the narrow host range that many phages have; however, it is also an 

advantage in the selective attack on pathogenic bacteria without killing the normal 

microbiota (21). After attachment, phages insert their genetic code into the cytoplasm of 
bacteria, hijack the bacterial replication machinery, and cause the production of viral 

elements. Later progeny virions are assembled, eventually resulting in the lysis of 
bacterial cells, mediated by phage-coded holins and endolysins, which release infectious 

progeny virions (22). Genomic analyses have facilitated the characterization and 

screening of phages with desirable therapeutic properties, including a broad host range, 
high burst size, and absence of virulence or antibiotic resistance. In recent years, multi-

lytic phage cocktails comprising several lytic phages have been developed to increase the 
antibacterial spectrum and reduce the likelihood of resistance emergence. Moreover, 

synthetic biology has enabled the engineering of modified phage genomes to be more 

stable, efficient in targeting, and active against biofilms (23,24). Notably, the phages that 
attack P. aeruginosa can target bacteria integrated into biofilms, a characteristic not 

shared by a variety of traditional antimicrobials. Phages carry depolymerases and other 
enzymes that have the potential to degrade extracellular polymeric substances, increasing 

their infiltration into biofilm structures. These attributes of P. aeruginosa render 

bacteriophages unique to this bacterial strain especially attractive as an instrument in the 
fight against chronic and device-associated infections (25). Therefore, the diversity, 

specificity, and biological plasticity of bacteriophages offer a strong system on which the 
most specific antimicrobial treatment against P. aeruginosa can be developed, and the 

biological effects and therapeutic applications of bacteriophages can be investigated (26).  

 

Mechanisms of Antibacterial Activity of Phage Therapy 
 
     Bacteriophage therapy has a range of complementary mechanisms that result in 
antibacterial effects, making this approach more specific than traditional antimicrobial 

agents. The first and direct mechanism is the lytic infection cycle, in which phages attach 
to bacterial surface receptors, inject their genetic material, and use host cellular machinery 

to produce progeny virions. This is succeeded by the lysis of bacterial cells, which is 

caused by holins and endolysins coded by the phages, leading to a rapid decrease in the 
bacterial population and an increase in the concentration of the therapeutic agent at the 

site of infection (27). In addition to direct bacterial-killing, enzymes produced by the 
phage are important in augmenting the antibacterial effects. Endolysins destroy the 

peptidoglycan layers of the bacterial cell wall, whereas depolymerases destroy 
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extracellular polymeric substances and capsular polysaccharides that protect bacterial 
communities. These enzymatic activities not only promote bacterial lysis but also enhance 

the targeting of biofilms and host immune defense and other antimicrobial agents used in 
combination with each other (28,29). Bacteriophages infect Pseudomonas aeruginosa in 

several consecutive steps, including adsorption, genome injection, replication, and 

bacterial lysis (Figure.1). 
 

 

 
Figure.1. Mechanism of phage action against Pseudomonas aeruginosa. 

 

     Phage therapy also affects the dynamics of bacterial resistance. Although bacteria may 
acquire resistance to phages by altering the receptors, restriction-modification systems, 

or CRISPR-Cas immunity, these adaptations are associated with a fitness cost. Most 
phage-resistant strains are less virulent or more sensitive to antibiotics, thus regaining the 

effectiveness of conventional treatment. This evolutionary trade-off highlights the 

exceptional advantage of phage therapy in redifining bacterial populations in less-
pathogenic phenotypes (30). Furthermore, bacteriophages can control immune responses 

in hosts by lowering the inflammatory burden of bacteria and indirectly by promoting 
immune clearance. Other studies have suggested that phages can also respond with innate 

immune components, which could result in localised regulation of the immune reaction 

without undue systemic reactions. This synergistic effect of bacterial lysis, enzyme 
disruption of biofilm, and evolutionary pressure of resistance mechanisms leads to a 

compound antibacterial strategy (31, 32). These mechanisms support the idea that phage 
therapy has biological grounds as a particular and multifaceted system of antimicrobial 

therapy. Phage replication dynamics, bacterial defense systems, and host immunity are 

significant to comprehending the therapeutic efficacy and integrating phage-based 
therapies into prevailing clinical practice in treating Pseudomonas aeruginosa refractory 

infections (33). 
 

Anti-biofilm Strategies of Phage Therapy 

 
A biofilm infection with Pseudomonas aeruginosa poses a unique clinical challenge in 

terms of drug efficacy because bacteria contained in the biofilm are resistant to both 

antibiotics and the host's immune response. Bacteriophage therapy can directly disrupt 
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the architectural integrity and regulatory systems involved in bacterial biofilm 
development. Unlike traditional antimicrobial drugs, bacteriophages can multiply within 

the bacterial population and travel deeper into the structure of biofilms, thus providing 
localized increased antibiotic activity (34). A key anti-biofilm process involves the 

hydrolysis/degradation of a matrix composed of extracellular polymers (EPS). 

Depolymerase enzymes produced by phages that infect P. aeruginosa can degrade several 
large polysaccharides, including alginate, Pel, and Psl. The physical disruption of the 

biofilm matrix by phage action limits diffusional transport, and the enhanced diffusivity 
of the phage increases the exposure of individual bacterial cells to immune-mediated 

killing and additional antimicrobial therapies (35). Phages effectively destroy the 

protective matrix, transforming sessile biofilm populations into more vulnerable 
planktonic cells. In addition to structural disruption, phage therapy can disrupt the QS 

systems involved in biofilm maturation and virulence expression. Phages and phage 
proteins have been shown to silence QS-regulated genes, resulting in the inhibition of 

toxin synthesis and destabilization of the biofilm structure (36). This is another 

mechanism by which phages undermine the virulence of P. aeruginosa in host tissues. As 
shown in Figure 2, treatment with bacteriophages leads to the degradation of EPS matrix, 

destabilization of the biofilm structure, and increased susceptibility of Pseudomonas 
aeruginosa cells to antibacterial agents. 

 

 
Figure. 2. Phage-mediated disruption of Pseudomonas aeruginosa biofilm structure  

 
One of the most promising approaches is the use of phages in combination with 

antibiotics, known as phage–antibiotic synergy (PAS). Based on complementary 

mechanisms of action, phage-mediated biofilm disruption exacerbates penetration by 
antibiotics, and antibiotics can augment the susceptibility of bacteria to phage infection 

by stress response or changing surface receptors. Experimental models have 
demonstrated that PAS can considerably decrease bacterial load compared to 

monotherapy and restrain the development of resistant subpopulations (37, 38). All these 

approaches highlight the ability of phage therapy to engage both mechanical and 
molecular factors that define biofilm durability. Bacteriophages can be considered a 

biologically rational and innovative strategy because they combine enzymatic 
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degradation, regulatory interference, and synergistic combination therapy to overcome 
the limitations of conventional antimicrobial treatment in chronic P. aeruginosa 

infections (Table 2) (39).  
 

Table. 2. Antibiofilm mechanisms of phage therapy (References: 28,35–39) 

 
Mechanism Description Effect on biofilm 

Direct bacterial lysis Phages lyse bacterial cells Reduces bacterial biomass 

EPS degradation Breakdown of biofilm matrix Enhances penetration 

Quorum sensing interference Disrupts signaling pathways Impairs biofilm maturation 

Phage–antibiotic synergy Combined therapy with 

antibiotics 

Increases efficacy 

Fitness trade-offs Selection of less virulent mutants Limits resistance 

 

Engineered and Synthetic Phages 

 
    Recent innovations in synthetic biotechnology and molecular biology have enabled the 

creation of engineered and synthetic bacteriophages with enhanced therapeutic efficacy 
against Pseudomonas aeruginosa. In contrast to phages found in nature, engineered 

phages can be genetically modified to enhance their host range, stability, and antibiofilm 

traits, and to reduce undesirable traits, such as lysogeny or horizontal gene transfer. These 
advances represent a major milestone in precision antimicrobial therapy (40). Genetic 

engineering of phage genomes is one of the strategies that can be used to broaden receptor 
recognition and allow the infection of a broad spectrum of clinical isolates of P. 

aeruginosa. Genetic alterations may also be made to improve phage lytic efficiency or 

improve persistence in the areas of infection. Importantly, engineered phages are 
engineered to produce enzymes, such as depolymerases, endolysins, in higher amounts, 

which amplify the capacity to degrade biofilm matrices, destabilize well-established 
bacterial communities (41,42). The other potential concept is the use of CRISPR-Cas 

systems with phage platforms. Phages with CRISPR can target and cut antibiotic 

resistance genes or virulence genes of bacteria in a targeted way, resulting in either highly 
specific bacterial kill or pathogenic effects silencing. This approach can eliminate 

resistant subpopulations sequentially and reduce the targeting of commensal microbiota. 
These tools have been suggested as next-generation antimicrobials that can transform, 

rather than destroy, bacterial populations (43). The development of phage-derived 

delivery systems using synthetic biology has enabled the use of phages as delivery 
vehicles for AMPs or regulatory RNAs that disrupt quorum sensing and biofilm 

formation. These multifunctional constructs have a dual mechanism of action, combining 
direct lytic activity with molecular interference in bacterial signalling pathways (44). 

Engineered and synthetic phages are a major safety and regulatory concern, despite their 

potential. Genetic modifications should be carefully considered to avoid unwanted 
environmental effects or gene flow. Notably, mass manufacturing and standardization of 

engineered phages have not yet been technically achieved. Nevertheless, these novel 
platforms have embraced unprecedented customization of phage-based therapeutics in the 

treatment of multidrug-resistant and biofilm-associated infections of P. aeruginosa, and 

could possess tremendous potential in the future to expand their therapeutic use in clinical 
practice (45, 46). 
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Preclinical Evidence (In Vitro and Animal Models) 

 
      P. aeruginosa has therapeutic potential as a bacteriophage against bacteria in both in 
vitro and animal models. In vitro analysis has revealed that lytic phages can significantly 

reduce the planktonic bacteria population and destabilize formed biofilms. Both models 
of biofilms, such as the static and flow cell models, have shown phages invading biofilm 

matrices and significantly eliminating bacterial biomass when phages were applied as 

phage cocktails or in combination with antibiotics. These studies have also focused on 
the capacity of phages to overcome physical and physiological barriers that limit the 

function of conventional antimicrobial agents (47, 48). The in vivo effectiveness and 
safety of phage therapy have been investigated using animal models. Pulmonary, skin, 

and burn-induced sepsis models in mice have demonstrated that phage administration can 

decrease the bacterial burden, improve the probability of survival, and decrease 
inflammation (49). Inhalation and intranasal phages prevented the colonization of P. 

aeruginosa and destruction of lung architecture in respiratory infection models, 
demonstrating their potential for treating cystic fibrosis and ventilator-associated 

pneumonia. Wound and burn models have shown that topical phage treatment improves 

the rapid removal of bacteria and wound healing with no signs of toxicity (50).  
Nonetheless, there has also been preclinical research on the pharmacokinetic and 

immunological effects of phage therapy. The results indicate that phages can remain long 
enough at the site of infection to exert antibacterial effects, and they are subsequently 

removed by the host immune system. Regular injections are also well tolerated, and 

adverse effects have been minimal in most studies conducted to date. In addition, phage 
cocktails have been shown to decrease the development of phage-resistant bacterial 

strains and extend therapeutic efficacy during long-term treatment (51). Together, this 
preclinical evidence provides a good proof-of-concept for phage-based interventions 

against P. aeruginosa. They have a biological and experimental foundation for clinical 

translation and subsequent controlled human studies. Nonetheless, the differences 
between animal models and human infections suggest that preclinical results should be 

interpreted with caution and that common protocols should be developed to better 
represent clinical outcomes (52). 

 

Clinical Translation and Human Studies 
 

    The clinical translation of bacteriophage therapy against Pseudomonas aeruginosa has 

received greater attention in the past 10 years because of the urgency to find alternative 
therapies to address multidrug-resistant and biofilm-related infections. Primarily used as 

compassionate-use cases as well as in small-scale clinical trials, its first clinical 
application was primarily in chronic respiratory infections, non-healing wounds, and 

device-associated infections that are resistant to conventional antibiotic therapy (53). 

Successful experiences have been reported in case reports and observational studies after 
the administration of phages for cystic fibrosis, chronic otitis, osteomyelitis, and burn 

wound infection caused by P. aeruginosa. Phage therapy has resulted in a significant 
reduction in bacterial population, clinical improvement, and eradication of infection in 

many reported cases. The flexibility of phages as therapeutic agents has been 
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demonstrated in several ways, such as topical, inhalation, and intravenous injection. 
Notably, such treatments have been well tolerated, with few side effects reported (54). 

There are limited controlled clinical trials assessing phage therapy, although their number 
is slowly increasing. The clinical trials that are available have been safe and have 

demonstrated initial signs of efficacy, particularly when used as adjuncts to antibiotic 

therapy. Nevertheless, due to the heterogeneity of study design, phage preparations, 
administration plans, and outcome measures, it is challenging to directly compare the 

trials. Additionally, concerns about regulation and the absence of standard manufacturing 
guidelines have impeded the adoption of phage-based interventions (55, 56). These 

challenges notwithstanding, stringent and reproducible clinical uses are becoming 

possible using phage characterization, genomic screening, and formulation technologies. 
A promising approach to increase treatment success is personalized phage therapy, in 

which phages are selected according to the susceptibility profile of the infecting 
bacterium in the patient. With the development of regulatory frameworks and the use of 

larger randomized controlled trials, phage therapy can become an integral part of clinical 

practice rather than an experimental application in the treatment of recalcitrant P. 
aeruginosa infections ( Table. 3) (46,57).  

 
Table. 3: Summary of key preclinical and clinical studies (References: 47–57). 

 
Study type Model / Infection Phage approach Main outcome 

In vitro biofilm models Biofilm cultures Single phage / cocktails Reduced biofilm 

biomass 

Animal models Lung, wound, burn 

infections 

Lytic phages Decreased bacterial 

load 

Combination studies In vitro and in vivo Phage–antibiotic 

synergy 

Enhanced efficacy 

Compassionate use Chronic infections Personalized phage 

therapy 

Clinical improvement 

Clinical trials MDR infections Standardized phages Safety and preliminary 

efficacy 

 

Challenges and Limitations 

 
  Despite bacteriophage therapy has great potential against Pseudomonas aeruginosa, 

there are still a number of scientific, clinical, and regulatory issues that hinder its 
application. The development of phage-resistant bacterial variants is a major challenge. 

Bacteria can circumvent the effects of phage by modifying their receptors, restriction-

modification, or CRISPR-Cas immunity systems. Although phage resistance may be 
reduced by a combination of phage cocktails or sequential administration of phage, its 

occurrence is also a significant factor in therapeutic design (58).  There is also a challenge 
related to immunological responses. Phages introduced into the human body can be 

neutralized by antibodies or cleared by the reticuloendothelial system, which minimizes 

their bioavailability and the efficacy of therapy. Although phage therapy has been 
reported to have a favorable safety profile, there is a need for systematic evaluation of 

long-term immunogenicity and likely inflammatory outcomes, particularly in cases with 
repetitive dosing schedules (44). Another major constraint is associated with regulatory 

and production systems. Compared to traditional antibiotics, bacteriophages are not easily 
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amenable to standardization, quality control, and large-scale production because they are 
biological products that differ in nature. Some problems that should be strictly controlled 

to ensure that current pharmaceutical standards are met include phage purity, stability, 
genomic safety screening, and batch-to-batch consistency. Additionally, regulatory 

pathways for phage therapy vary greatly across countries, presenting obstacles to 

standardized clinical practice (6,59). The clinical implications of the practical use of 
phages include effective dosing, routes of administration, and treatment duration. Clinical 

decision-making is challenging and prevents reproducibility across studies because there 
are no standardized methods and guidelines. Furthermore, most phages have a narrow 

host range; hence, methods to identify bacteria quickly and accurately and their 

susceptibility to phages must be established and may not be easily accessible in typical 
clinical laboratories (60). These limitations suggest a necessity to collaborate in an 

interdisciplinary manner. The collaborations will include professionals from 
microbiology, clinician, regulatory agencies, and biotechnology. A collaborative 

approach will assist in overcoming barriers to realizing the therapeutic capabilities of 

using phages as treatments for P. aeruginosa related illnesses by implementing 
standardization, improved production techniques and structured clinical trials (61). 

 

Future Perspectives and Research Gaps 

 
     The future of bacteriophage therapy for treating Pseudomonas aeruginosa will need 

to address the translation of basic science into practice by addressing critical translational 

research issues. Most notably, these include the need for well-designed and adequately 
powered clinical studies that can clearly document efficacy and safety in a diverse 

population. Bacteriophages require "normal" endpoints, standardized clinical trial design, 
and long-term follow-up to establish the phage therapeutic approach as a viable standard 

therapeutic modality and not as an experimental therapeutic modality (62). Future 

research should also focus on optimization of phage formulations and delivery systems. 
It is possible to enhance stability and bioavailability at the sites of infection using new 

methods, for example, encapsulation, aerosolized phage preparations against respiratory 
infections, and biodegradable carriers for localized delivery (63). Concurrently, rationally 

planned phage cocktails based on genomic and phenotypic screening of clinical isolates 

would be possible, increasing coverage and reducing the development of resistance. A 
new direction in personalized phage therapy is the use of technology based on artificial 

intelligence and machine learning algorithms to predict phage–host compatibility (64). 
Another factor is the growth in the use of engineered phages and phage-derived products. 

CRISPR-Cas-phage (CRISPR-Cas), which can be selectively targeted to resistance or 

virulence genes, has the potential to disarm pathogens, but not necessarily to destroy 
them. Similarly, the enzymes produced by the phage, for example, endolysins and 

depolymerases, can also be exploited as therapeutics, either as monotherapy or in 
combination with antibiotics, thereby offering alternative measures to eradicate biofilms 

(65,66). From a regulatory perspective, more explicit international standards and flexible 

approval guidelines are required to deal with the distinct biological characteristics of 
phage-based products. Sharing networks between academic laboratories, industry, and 

clinical centres would facilitate the rapid translation of experimental findings into 
standardized treatment platforms (67). 
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Finally, the ecological and evolutionary implications of phage therapy, such as its effects 
on the human microbiome and possible coevolutionary relationships between phages and 

bacterial communities over a long period, warrant further investigation. The research gaps 
will be important in terms of addressing the issue of bacteriophage therapy integration 

into the contemporary antimicrobial policy and the sustainability of its use in combating 

the infection of multidrug-resistant P. aeruginosa (68, 69). 

 

Conclusion 

 
   Bacteriophage therapy is a promising alternative or complementary approach for the 
treatment of multi-drug-resistant Pseudomonas aeruginosa infections that are associated 

with biofilms. The fact that it can specifically target bacterial cells, disrupt the architecture 

of biofilms, and amplify the activity of antibiotics against these bacteria suggests its 
therapeutic potential in cases of difficult-to-treat infections. Although promising 

preclinical and early clinical results have been reported, there are significant challenges 
to consider in the field of phage standardization, regulatory approval, production on an 

industrial scale, and resistance management. The next steps would rely on clinical trials 

well designed, in the optimization of the systems of delivery of phages, as well as on the 
harmonization of the regulatory systems, at the international level. As synthetic biology 

and precision phage engineering continue to evolve, the potential for further 
advancements in phage-based therapeutics in the practice of modern antimicrobials 

exists. 

 

Declarations    
               
Acknowledgment 
 
None 

 

Ethics statement  
 

The author confirms that this research follows the journal's attached Ethics Approval 
guidelines, as appearing on the journal's author guidelines page. 

 

Funding 

          

None  

 

Competing interest’s statement 
 

The authors declare no conflicts of interest. 

 

Author contributions    

 
  The author designed the conception of the study, methodology, manuscript writing, 

coordinated the research activities, and handled the submission and revision process.  

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

143 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

References  
 
1. Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H, Song X, Wu M. Pseudomonas 

aeruginosa: pathogenesis, virulence factors, antibiotic resistance, interaction with 

host, technology advances and emerging therapeutics. Signal Transduct Target Ther. 
2022;7(1):199. doi:10.1038/s41392-022-01056-1 

 
2. Wood SJ, Kuzel TM, Shafikhani SH. Pseudomonas aeruginosa: infections, animal 

modeling, and therapeutics. Cells. 2023;12(1):199. doi:10.3390/cells12010199 

  
3. Elfadadny A, Ragab RF, AlHarbi M, Badshah F, Ibáñez-Arancibia E, Farag A, 

Hendawy AO, De Los Ríos-Escalante PR, Aboubakr M, Zakai SA, Nageeb WM. 
Antimicrobial resistance of Pseudomonas aeruginosa: navigating clinical impacts, 

current resistance trends, and innovations in breaking therapies. Front Microbiol. 

2024;15:1374466. doi:10.3389/fmicb.2024.1374466 
 

4. Tuon FF, Dantas LR, Suss PH, Tasca Ribeiro VS. Pathogenesis of the Pseudomonas 
aeruginosa biofilm: a review. Pathogens. 2022;11(3):300. 

doi:10.3390/pathogens11030300 

  
5. Yin R, Cheng J, Wang J, Li P, Lin J. Treatment of Pseudomonas aeruginosa infectious 

biofilms: challenges and strategies. Front Microbiol. 2022;13:955286. 
doi:10.3389/fmicb.2022.955286  

 

6. Jo SJ, Kwon J, Kim SG, Lee SJ. The biotechnological application of bacteriophages: 
what to do and where to go in the middle of the post-antibiotic era. Microorganisms. 

2023;11(9):2311. doi:10.3390/microorganisms11092311 
  

7. Meneses L, Valentová L, Santos SB, Erdmann J, Crabbé A, Plevka P, Häussler S, Pires 

DP, Coenye T, Azeredo J. Directed evolution of phages in biofilms enhances 
Pseudomonas aeruginosa control through improved lipopolysaccharide recognition. 

Nature Communications. 2025;16(1):10219. doi:10.1038/s41467-025-65014-5 
 

8. Wang Y, Yu Y. Phage therapy as a revitalized weapon for treating clinical diseases. 

Microbiome Res Rep. 2025;4(3):35. doi:10.20517/mrr.2025.31 
  

9. Nale JY, Clokie MR. Preclinical data and safety assessment of phage therapy in 
humans. Curr Opin Biotechnol. 2021;68:310–7. doi:10.1016/j.copbio.2021.03.002 

  

10. Sanz-García F, Gil-Gil T, Laborda P, Ochoa-Sánchez LE, Martínez JL, Hernando-
Amado S. Coming from the wild: multidrug resistant opportunistic pathogens 

presenting a primary, not human-linked, environmental habitat. Int J Mol Sci. 
2021;22(15):8080. doi:10.3390/ijms22158080 

  

11. Grandy S, Scur M, Dolan K, Nickerson R, Cheng Z. Using model systems to unravel 
host-Pseudomonas aeruginosa interactions. Environ Microbiol. 2023;25(10):1765–

84. doi:10.1111/1462-2920.16440  

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

144 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

 
12. Yamberla I, Pupiales C, Chiliquinga AJ, Sulca-Villamarín T, Plasencia A, Cabrera 

Aulestia F, et al. Pseudomonas aeruginosa pathogenicity and its interaction with other 
microorganisms during the skin wound healing process. Int J Mol Sci. 

2025;26(19):9677. doi:10.3390/ijms26199677  

 
 

13. Mudaliar SB, Bharath Prasad AS. A biomedical perspective of pyocyanin from 
Pseudomonas aeruginosa: its applications and challenges. World J Microbiol 

Biotechnol. 2024;40(3):90. doi:10.1007/s11274-024-03889-0  

 
14. Rasamiravaka T, Labtani Q, Duez P, El Jaziri M. The formation of biofilms by 

Pseudomonas aeruginosa: a review of the natural and synthetic compounds 
interfering with control mechanisms. Biomed Res Int. 2015;2015:759348. 

doi:10.1155/2015/759348 

  
15. Balducci E, Papi F, Capialbi DE, Del Bino L. Polysaccharides’ structures and 

functions in biofilm architecture of antimicrobial-resistant pathogens. Int J Mol Sci. 
2023;24(4):4030. doi:10.3390/ijms24044030  

 

16. Raya J, Montagut EJ, Marco MP. Analysing the integrated quorum sensing system its 
potential role in Pseudomonas aeruginosa pathogenesis. Front Cell Infect Microbiol. 

2025;15:1575421. doi:10.3389/fcimb.2025.1575421 
  

17. Eriksson A, Turkina MV, Ntzouni M, Magnusson KE, Vikström E. Pseudomonas 

aeruginosa LasI/RhlI quorum sensing system controls protease-mediated 
autoaggregation behavior, cell envelope characteristics and extracellular proteome 

responses. Front Microbiol. 2026;16:1693814. doi:10.3389/fmicb.2025.1693814 
  

18. Urgeya KD, Subedi D, Kumar N, Willcox M. The ability of bacteriophages to reduce 

biofilms produced by Pseudomonas aeruginosa isolated from corneal infections. 
Antibiotics. 2025;14(7):629. doi:10.3390/antibiotics14070629  

 
19. Alipour-Khezri E, Skurnik M, Zarrini G. Pseudomonas aeruginosa bacteriophages 

and their clinical applications. Viruses. 2024;16(7):1051. doi:10.3390/v16071051 

  
20. Nordstrom HR, Evans DR, Finney AG, Westbrook KJ, Zamora PF, Hofstaedter CE, 

Yassin MH, Pradhan A, Iovleva A, Ernst RK, Bomberger JM, Shields RK, Doi Y, 
Van Tyne D. Genomic characterization of lytic bacteriophages targeting genetically 

diverse Pseudomonas aeruginosa clinical isolates. iScience. 2022;25(6):104372. 

doi:10.1016/j.isci.2022.104372 
 

21. Wacnik M, Hauza E, Skaradzińska A, Śliwka P. Bacteriophage therapy: overcoming 
antimicrobial resistance through advanced delivery methods. Molecules. 

2026;31(2):324. doi:10.3390/molecules31020324 

  

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

145 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

22. Guliy OI, Evstigneeva SS. Bacteria- and phage-derived proteins in phage infection. 
Front Biosci (Landmark Ed). 2025;30(2):24478. doi:10.31083/FBL24478  

 
23. Chegini Z, Khoshbayan A, Vesal S, Moradabadi A, Hashemi A, Shariati A. 

Bacteriophage therapy for inhibition of multidrug-resistant uropathogenic bacteria: a 

narrative review. Ann Clin Microbiol Antimicrob. 2021;20(1):30. 
doi:10.1186/s12941-021-00433-y 

  
24. Venkataraman S, Shahgolzari M, Yavari A, Hefferon K. Bacteriophages as targeted 

therapeutic vehicles: Challenges and opportunities. Bioengineering. 2025;12(5):469. 

doi:10.3390/bioengineering12050469 
 

25. Luo X, Wang S, Yang Y, Gao R, Yuan S, Yu J, Liu D, Tan X. Engineered 
Pseudomonas aeruginosa phages with quorum-quenching enzyme or depolymerase 

for inhibition of biofilm formation. Front Microbiol. 2026;16:1752980. 

doi:10.3389/fmicb.2025.1752980 
 

26. Hu M, Chua SL. Antibiotic-resistant Pseudomonas aeruginosa: current challenges 
and emerging alternative therapies. Microorganisms. 2025;13(4):913. 

doi:10.3390/microorganisms13040913  

 
27. Zhou Z, Fu H, Li M, Han Z, Wu Z, Fan H, Shen N, Zheng J. Bacteriophage therapy: 

Current strategies and future perspectives. MedComm. 2026;7(3):e70645. 
doi:10.1002/mco2.70645 

 

28. São-José C. Engineering of phage-derived lytic enzymes: improving their potential as 
antimicrobials. Antibiotics. 2018;7(2):29. doi:10.3390/antibiotics7020029  

 
29. Aslam B, Arshad MI, Aslam MA, Muzammil S, Siddique AB, Yasmeen N, Khurshid 

M, Rasool M, Ahmad M, Rasool MH, Fahim M, Hussain R, Xia X, Baloch Z. 

Bacteriophage proteome: insights and potentials of an alternate to antibiotics. Infect 
Dis Ther. 2021;10(3):1171–1193. doi:10.1007/s40121-021-00446-2 

 
30. Abedon ST. Phage therapy: combating evolution of bacterial resistance to phages. 

Viruses. 2025;17(8):1094. doi:10.3390/v17081094  

 
31. Souza EB, Pinto AR, Fongaro G. Bacteriophages as potential clinical immune 

modulators. Microorganisms. 2023;11(9):2222. 
doi:10.3390/microorganisms11092222  

 

32. Mafe AN, Büsselberg D. Phage therapy in managing multidrug-resistant infections in 
cancer therapy: innovations, complications, and future directions. Pharmaceutics. 

2025;17(7):820. doi:10.3390/pharmaceutics17070820  
 

33. Strathdee SA, Hatfull GF, Mutalik VK, Schooley RT. Phage therapy: from biological 

mechanisms to future directions. Cell. 2023;186(1):17–31. 
doi:10.1016/j.cell.2022.11.017 

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

146 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

  
34. Elbehiry A, Marzouk E, Edrees HM, Ibrahem M, Alzahrani S, Anagreyyah S, 

Abualola H, Alghamdi A, Alzahrani A, Jaber M, Abu-Okail A. Understanding 
Pseudomonas aeruginosa biofilms: quorum sensing, c-di-GMP signaling, and 

emerging antibiofilm approaches. Microorganisms. 2026;14(1):109. 

doi:10.3390/microorganisms14010109 
 

35. Hindieh P, Yaghi J, Assaf JC, Chokr A, Atoui A, Tzenios N, Louka N, Khoury AE. 
Emerging multimodal strategies for bacterial biofilm eradication: a comprehensive 

review. Microorganisms. 2025;13(12):2796. doi:10.3390/microorganisms13122796 

 
36. Cao L, Mi J, He Y, Xuan G, Wang J, Li M, Tong Y. Quorum sensing inhibits phage 

infection by regulating biofilm formation of Pseudomonas aeruginosa PAO1. J Virol. 
2025;99(2):e0187224. doi:10.1128/jvi.01872-24 

 

37. Li X, He Y, Wang Z, Wei J, Hu T, Si J, Tao G, Zhang L, Xie L, Abdalla AE, Wang 
G, Li Y, Teng T. A combination therapy of phages and antibiotics: two is better than 

one. Int J Biol Sci. 2021;17(13):3573–3582. doi:10.7150/ijbs.60551 
 

38. Akturk E, Melo LDR, Oliveira H, Crabbé A, Coenye T, Azeredo J. Combining phages 

and antibiotics to enhance antibiofilm efficacy against an in vitro dual species wound 
biofilm. Biofilm. 2023;6:100147. doi:10.1016/j.bioflm.2023.100147 

  
39. Mayorga-Ramos A, Carrera-Pacheco SE, Barba-Ostria C, Guamán LP. 

Bacteriophage-mediated approaches for biofilm control. Front Cell Infect Microbiol. 

2024;14:1428637. doi:10.3389/fcimb.2024.1428637 
  

40. Alessa O, Aiba Y, Arbaah M, Hidaka Y, Watanabe S, Miyanaga K, Wannigama DL, 
Cui L. Synthetic and functional engineering of bacteriophages: approaches for 

tailored bactericidal, diagnostic, and delivery platforms. Molecules. 

2025;30(15):3132. doi:10.3390/molecules30153132 
 

41. Pires DP, Cleto S, Sillankorva S, Azeredo J, Lu TK. Genetically engineered phages: 
a review of advances over the last decade. Microbiol Mol Biol Rev. 2016;80(3):523–

43. doi:10.1128/MMBR.00069-15  

 
42. Eghbalpoor F, Gorji M, Alavigeh MZ, Moghadam MT. Genetically engineered 

phages and engineered phage-derived enzymes to destroy biofilms of antibiotic-
resistant bacteria. Heliyon. 2024;10(15):e35666. doi:10.1016/j.heliyon.2024.e35666 

  

43. Ghazaei C. The role of bacteriophages and CRISPR-Cas in combating multidrug-
resistant bacteria. Nat Prod Bioprospect. 2026;16(1):14. doi:10.1007/s13659-025-

00567-y  
 

44. Cui L, Watanabe S, Miyanaga K, Kiga K, Sasahara T, Aiba Y, Tan XE, 

Veeranarayanan S, Thitiananpakorn K, Nguyen HM, Wannigama DL. A 

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

147 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

comprehensive review on phage therapy and phage-based drug development. 
Antibiotics (Basel). 2024;13(9):870. doi:10.3390/antibiotics13090870 

 
45. Lenneman BR, Fernbach J, Loessner MJ, Lu TK, Kilcher S. Enhancing phage therapy 

through synthetic biology and genome engineering. Curr Opin Biotechnol. 

2021;68:151–9. doi:10.1016/j.copbio.2020.11.003 
  

46. Peng H, Chen IA, Qimron U. Engineering phages to fight multidrug-resistant bacteria. 
Chem Rev. 2025;125(2):933–71. doi:10.1021/acs.chemrev.4c00681 

  

47. Oliveira VC, Bim FL, Monteiro RM, Macedo AP, Santos ES, Silva-Lovato CH, 
Paranhos HFO, Melo LDR, Santos SB, Watanabe E. Identification and 

characterization of new bacteriophages to control multidrug-resistant Pseudomonas 
aeruginosa biofilm on endotracheal tubes. Front Microbiol. 2020;11:580779. 

doi:10.3389/fmicb.2020.580779 

 
48. Chegini Z, Khoshbayan A, Taati Moghadam M, Farahani I, Jazireian P, Shariati A. 

Bacteriophage therapy against Pseudomonas aeruginosa biofilms: a review. Ann Clin 
Microbiol Antimicrob. 2020;19(1):45. doi:10.1186/s12941-020-00389-5 

  

49. Cieślik M, Bagińska N, Górski A, Jończyk-Matysiak E. Animal models in the 
evaluation of the effectiveness of phage therapy for infections caused by Gram-

negative bacteria from the ESKAPE group and the reliability of its use in humans. 
Microorganisms. 2021;9(2):206. doi:10.3390/microorganisms9020206  

 

50. Eiselt VA, Bereswill S, Heimesaat MM. Phage therapy in lung infections caused by 
multidrug-resistant Pseudomonas aeruginosa: a literature review. Eur J Microbiol 

Immunol. 2024;14(1):1–12. doi:10.1556/1886.2023.00060  
51.  
52. Sippel K, Velimirov B. Phage therapy: application and related problems—a review. 

Life. 2026;16(1):57. doi:10.3390/life16010057 
  

53. Hwang W, Yong JH, Lenneman BR, Yonker LM. Phage-based approaches to chronic 
Pseudomonas aeruginosa lung infection in cystic fibrosis. Antibiotics. 

2026;15(2):125. doi:10.3390/antibiotics15020125  

 
54. Vaitekenas A, Tai AS, Ramsay JP, Stick SM, Kicic A. Pseudomonas aeruginosa 

resistance to bacteriophages and its prevention by strategic therapeutic cocktail 
formulation. Antibiotics. 2021;10(2):145. doi:10.3390/antibiotics10020145  

 

55. Djebara S, Lavigne R, Pirnay JP. Implementation challenges of personalised phage 
therapy. Lancet. 2025;405(10493):1901–3. doi:10.1016/S0140-6736(25)00737-8  

 
56. Stacey HJ, De Soir S, Jones JD. The safety and efficacy of phage therapy: a systematic 

review of clinical and safety trials. Antibiotics. 2022;11(10):1340. 

doi:10.3390/antibiotics11101340  
 

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

148 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

57. Marino A, Stracquadanio S, Cosentino F, Maraolo AE, Colpani A, De Vito A, 
Geremia N, Nicolosi A, Oliva A, Cacopardo B, Nunnari G. Phage to ESKAPE: 

personalizing therapy for MDR infections—a comprehensive clinical review. 
Pathogens. 2025;14(10):1011. doi:10.3390/pathogens14101011 

 

 
58. Zalewska-Piątek B. Phage therapy—challenges, opportunities and future prospects. 

Pharmaceuticals. 2023;16(12):1638. doi:10.3390/ph16121638 
  

59. Fujiki J, Yokoyama D, Yamamoto H, Kimura N, Shimizu M, Kobayashi H, 

Nakamura K, Iwano H. Biocontrol of phage resistance in Pseudomonas infections: 
insights into directed breaking of spontaneous evolutionary selection in phage 

therapy. Viruses. 2025;17(8):1080. doi:10.3390/v17081080 
 

60. Niazi SK. Bacteriophage therapy: discovery, development, and FDA approval 

pathways. Pharmaceuticals. 2025;18(8):1115. doi:10.3390/ph18081115 
  

61. Lin X, Li X, Lin X. A review on applications of computational methods in drug 
screening and design. Molecules. 2020;25(6):1375. doi:10.3390/molecules25061375 

  

62. Kline A, Cobián Güemes AG, Yore J, Ghose C, Van Tyne D, Whiteson K, Pride DT. 
Current clinical laboratory challenges to widespread adoption of phage therapy in the 

United States. Antibiotics (Basel). 2025;14(6):553. doi:10.3390/antibiotics14060553 
 

63. Youssef RA, Sakr MM, Shebl RI, Aboshanab KM. Recent insights on challenges 

encountered with phage therapy against gastrointestinal-associated infections. Gut 
Pathog. 2025;17(1):60. doi:10.1186/s13099-025-00735-y 

  
64. Selim HMRM, Gomaa FAM, Alshahrani MY, Morgan RN, Aboshanab KM. Phage 

therapeutic delivery methods and clinical trials for combating clinically relevant 

pathogens. Ther Deliv. 2025;16(3):247–69. doi:10.1080/20415990.2024.2426824  
 

65. Kaneko T, Nakatsuka K, Tsuneda S. Phage cocktails: state-of-the-art technologies 
and strategies for effective design. FEMS Microbiol Rev. 2026;50:fuaf061. 

doi:10.1093/femsre/fuaf061 

  
66. Khambhati K, Bhattacharjee G, Gohil N, Dhanoa GK, Sagona AP, Mani I, Bui NL, 

Chu DT, Karapurkar JK, Jang SH, Chung HY, Maurya R, Alzahrani KJ, Ramakrishna 
S, Singh V. Phage engineering and phage-assisted CRISPR-Cas delivery to combat 

multidrug-resistant pathogens. Bioeng Transl Med. 2022;8(2):e10381. 

doi:10.1002/btm2.10381 
 

67. Yue Y, Xu Z, Soteyome T, Premarathna M, Yin X, Liu J. Phage encapsulation and 
delivery technology: a strategy for treating drug-resistant pathogenic microorganisms. 

Pharmaceuticals. 2025;18(11):1688. doi:10.3390/ph18111688  

 

https://creativecommons.org/licenses/by-sa/4.0/


 

Haider Hamid Khudair, JMOB. (2026), 3; (2): 132-149 

149 

                                                                                                                 
     The Journal of medical and Oral Biosciences 

  
CC BY-SA 4.0 Attribution-ShareAlike 4.0 

https://creativecommons.org/licenses/by-sa/4.0/ 

 
 

 

68. Fukaya-Shiba A, Ogata A, Kuribayashi R, Sakurai A, Suzuki K, Takadama S, 
Nishimura J, Uchiyama J, Ohge H, Takeuchi T, Tamaki H, Matsumoto T, Kiga K, 

Iwano H. Regulatory considerations for developing phage therapy medicinal products 
for the treatment of antimicrobial resistant bacterial infections. Front Pharmacol. 

2025;16:1713471. doi:10.3389/fphar.2025.1713471 

 
69. Cazares A, García-Contreras R, Pérez-Velázquez J. Eco-evolutionary effects of 

bacterial cooperation on phage therapy: an unknown risk? Front Microbiol. 
2020;11:590294. doi:10.3389/fmicb.2020.590294 

  

70. Castledine M, Buckling A. Critically evaluating the relative importance of phage in 
shaping microbial community composition. Trends Microbiol. 2024;32(10):957–69. 

doi:10.1016/j.tim.2024.02.014  

https://creativecommons.org/licenses/by-sa/4.0/

