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Introduction
The rise of antimicrobial resistance (AMR) is one of the most 

stsigni�icant threats to global health in the 21  century, because it 
rendering many conventional antibiotics increasingly 
ineffective. As bacterial pathogens are continued to develop 
resistance mechanisms against existing drugs, treatment 
options for common and life-threatening infections are 
dwindling. According to the World Health Organization (WHO), 
antibiotic resistance causes hundreds to thousands of deaths 
annually and threatens to push modern medicine into a post-
antibiotic era where minor infections could once again become 
fatal [1]. This alarming scenario necessitates the exploration of 
innovative and alternative treatment strategies, and 
bacteriophage therapy has reemerged as a viable and promising 
approach.
Bacteriophages or phages, are viruses that speci�ically infect 
and destroy bacteria by two types of host attachment 
mechanisms- lytic and lysogenic cycle (Fig. 1). First discovered 

thin the early 20  century, phages were initially used for 
therapeutic purposes before the widespread adoption of 

thantibiotics. With the rise of antibiotics in the mid-20  century, 
phage therapy was largely abandoned in Western medicine, 
although it continued to be practiced in parts of Eastern Europe. 
In recent years, however, the growing burden of drug-resistant 
infections has prompted a renewed global interest in 
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Bacteriophage	 therapy,	 the	 therapeutic	 use	 of	 viruses	 that	
speci�ically	target	and	lyse	bacteria,	has	emerged	as	a	promising	
next-generation	 solution	 to	 the	 escalating	 global	 crisis	 of	
antibiotic-resistant	 bacterial	 infections.	 As	 multidrug-resistant	
(MDR)	and	extensively	drug-resistant	(XDR)	pathogens	continue	
to	 render	 conventional	 antibiotics	 increasingly	 ineffective,	
bacteriophages	 offer	 a	 highly	 speci�ic,	 self-amplifying,	 and	
evolutionarily	 adaptable	 alternative.	 Unlike	 broad-spectrum	
antibiotics,	phages	precisely	target	pathogenic	bacteria	without	
disrupting	the	host's	bene�icial	microbiota,	 thereby	minimizing	
collateral	 damage	and	 the	 risk	 of	 secondary	 infections.	Recent	
advancements	 in	 genomics,	 synthetic	 biology,	 and	 phage	
engineering	have	 further	 enhanced	 the	 safety,	 host	 range,	 and	
therapeutic	 ef�icacy	 of	 phage	 preparations,	 enabling	 the	
development	of	phage	cocktails	and	personalized	phage	therapy	
for	 tailored	 treatments.	 Additionally,	 phages	 can	 penetrate	
bio�ilms—complex	 bacterial	 communities	 notoriously	 resistant	
to	 antibiotics—making	 them	 especially	 valuable	 for	 chronic	
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infections.	 Clinical	 studies	and	 compassionate-use	 cases	have	demonstrated	phage	 therapy's	 potential	 in	 treating	 life-threatening	
infections	caused	by	pathogens	such	as	Pseudomonas	aeruginosa,	Klebsiella	pneumoniae,	and	Acinetobacter	baumannii.	However,	
regulatory	challenges,	 standardization	 issues,	and	potential	bacterial	 resistance	to	phages	necessitate	 further	research	and	policy	
innovation.	Overall,	bacteriophage	therapy	holds	the	potential	to	revolutionize	infectious	disease	management	and	serve	as	a	critical	
tool	in	the	�ight	against	antimicrobial	resistance.

phage-based treatments. Their unique ability to selectively 
target pathogenic bacteria makes them an attractive and 
powerful tool in combating AMR [2-3]. One of the key 
advantages of bacteriophage therapy lies in its speci�icity. Unlike 
broad-spectrum antibiotics that kill both harmful and bene�icial 
bacteria, phages target only their bacterial host, preserving the 
commensal microbiota that plays a crucial role in immune 
regulation and overall health [4]. This speci�icity not only 
reduces the risk of dysbiosis and secondary infections but also 
minimizes the development of resistance in non-target bacterial 
populations. Furthermore, phages can be isolated from the 
environment, genetically modi�ied, and tailored to target 
speci�ic bacterial strains, opening the door to highly 
personalized treatment modalities [5]. Another critical aspect 
of phage therapy is its ability to disrupt bio�ilms-structured 
communities of bacteria embedded in a protective matrix. 
Bio�ilms are notoriously resistant to antibiotics and are a 
common cause of chronic infections, particularly in wounds, 
medical devices, and respiratory tracts. Phages possess unique 
enzymes that degrade the extracellular matrix of bio�ilms, 
allowing them to penetrate and kill bacteria hidden within these 
structures [6]. This property makes phage therapy especially 
valuable in treating infections that conventional therapies fail to 
resolve.
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Fig.	 1:  The �igure illustrates the core mechanism of 
bacteriophage therapy against drug-resistant bacteria. It begins 
with the phage attaching to the bacterial cell surface through 
speci�ic receptors. Following attachment, the phage injects its 
genetic material into the bacterium, hijacking the host's 
machinery to replicate and assemble new phage particles. This 
process culminates in the lysis of the bacterial cell, releasing 
numerous progeny phages to infect surrounding pathogens. 
Additionally, the �igure highlights the phage's ability to 
penetrate bio�ilms—protective environments where bacteria 
often evade antibiotics—demonstrating its potential in 
overcoming chronic and resistant infections.

The integration of bacteriophage therapy into modern medicine 
has been facilitated by advancements in molecular biology, 
synthetic genomics,  and nanotechnology [7].  These 
developments have led to the engineering of phage cocktails, 
enhanced host range through receptor-binding protein 
modi�ications, and phage delivery systems that improve 
therapeutic outcomes. Moreover, the increasing availability of 
genomic data has enabled the identi�ication and elimination of 
undesirable genes, such as those responsible for lysogenicity or 
toxin production, thereby enhancing phage safety for clinical 
use. Despite its promising potential, bacteriophage therapy still 
faces several challenges before widespread implementation can 
be realized [8]. Regulatory hurdles, lack of standardized 
production protocols, limited clinical trials, and potential 
immune responses to phages are signi�icant concerns that must 
be addressed. Additionally, just as bacteria can develop 
resistance to antibiotics, they can also evolve resistance to 
phages, though this can often be countered by using phage 
cocktails or continuously updating phage libraries. As 
researchers and healthcare systems work toward overcoming 
these barriers, bacteriophage therapy stands poised to become 
a critical weapon in the global battle against drug-resistant 
infections.

The	Antibiotic	Resistance	Crisis
Antibiotic resistance has emerged as a critical global health 
issue, driven by decades of antibiotic overuse, misuse, and poor 
regulation. Pathogens such as Staphylococcus	aureus, Klebsiella	
pneumoniae, and Escherichia	coli have developed resistance to 
multiple classes of antibiotics, rendering many standard 
treatments ineffective [9]. This has led to longer hospital stays, 
higher medical costs, and increased mortality rates. The 
pipeline for new antibiotics is also drying up, compounding the 
threat. In this scenario, the need for alternative treatments 
becomes urgent. Phage therapy represents a potentially 
revolutionary shift in the management of bacterial infections,

especially those caused by multidrug-resistant organisms [10]. 
Its reemergence is not just a scienti�ic innovation, but a 
necessary response to the growing limitations of antibiotic 
therapy.

History	and	Rediscovery	of	Bacteriophage	Therapy
thBacteriophages were �irst discovered in the early 20  century 

and were widely used to treat bacterial infections before the 
advent of antibiotics. Virologist Félix d'Hérelle observed the 
antibacterial potential of phages, and therapy was adopted in 
regions such as the Soviet Union and Eastern Europe. However, 
with the discovery and commercialization of antibiotics, phage 
therapy was largely sidelined in Western medicine [11]. The 
increasing prevalence of antibiotic-resistant infections has 
prompted a resurgence of interest in bacteriophage therapy. 
Modern tools in genomics and synthetic biology have revived 
and re�ined phage therapy, making it safer, more targeted, and 
more effective. This renaissance has led to the establishment of 
phage banks, clinical trials, and government-supported 
research initiatives around the world.

Phage	Biology	and	Life	Cycle
Bacteriophages are viruses that infect bacteria, using them as 
hosts to replicate. They have two primary life cycles: lytic and 
lysogenic. In the lytic cycle, phages attach to bacterial cells, inject 
their genetic material, hijack the host's machinery, produce 
progeny phages, and lyse the bacterial cell to release new viral 
particles. The lytic cycle is of particular interest in phage therapy 
because it ensures the destruction of pathogenic bacteria [12]. 
The lysogenic cycle, in contrast, involves the integration of the 
phage genome into the bacterial DNA, which is less desirable in 
therapy due to the risk of gene transfer. Understanding these 
cycles helps in selecting appropriate phages for clinical 
applications (Fig. 1).

Speci�icity	and	Targeted	Action	of	Phages
One of the most distinguishing features of bacteriophages is 
their high speci�icity for target bacteria. Unlike broad-spectrum 
antibiotics that can harm bene�icial gut �lora, phages only infect 
speci�ic bacterial strains based on surface receptor 
compatibility. This targeted approach reduces off-target effects 
and supports the preservation of the body's microbiome [13]. 
This speci�icity also allows for the design of personalized 
treatments tailored to a patient's unique bacterial infection 
pro�ile. Phage typing and genomic sequencing enable precise 
matching between phages and pathogens, improving treatment 
ef�icacy and minimizing the development of resistance in non-
target bacteria.

Advantages	Over	Conventional	Antibiotics
Phage therapy offers several advantages over traditional 
antibiotics. First, phages are self-replicating at the infection site, 
which means fewer doses may be required. Second, their ability 
to evolve alongside bacteria helps them maintain effectiveness 
even as bacterial mutations occur [14]. Moreover, phages can 
penetrate bio�ilms and target intracellular bacteria, capabilities 
that most antibiotics lack. These attributes make phage therapy 
especially useful in treating chronic and hard-to-reach 
infections, including those associated with prosthetic devices, 
cystic �ibrosis, and diabetic wounds.

Combatting	Bio�ilm-Associated	Infections
Bio�ilms are structured communities of bacteria encased in a 
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Table:1	ICTV	Bacteriophage	classi�ication

protective extracellular matrix, which renders them highly 
resistant to antibiotics and immune clearance. These are 
commonly found in chronic infections and on implanted 
medical devices [15]. Phages produce enzymes such as 
depolymerases that degrade the bio�ilm matrix, allowing them 
to access and kill the bacteria within. This unique mechanism 
gives phage therapy an edge in treating persistent infections 
where antibiotics repeatedly fail. Combining phages with 
antibiotics may further enhance this effect by weakening 
bacterial defenses.

Development	of	Phage	Cocktails
Viral taxonomic classi�ication is the responsibility of 
International Committee on Taxonomy of Viruses (ICTV) and 
Bacterial and Archaeal Subcommittee (BAUS) within the ICTV. 
The classi�ications are based upon the evaluation of diverse 
phage properties such as genome composition, morphology,

host range, sequence similarity and pathogenicity (Table 1). 
Currently ICTV has described 19 phage families within the order 
Caudivirales  among which Myoviridae, 	 Podoviridae,	
Siphoviridae,	 Microviridae,	 Inoviridae, are the most well 
characterized ones, Herelleviridae and Ackermannviridae are 
the recently tracked families [16]. 
To overcome the narrow host range of individual phages, 
scientists have developed phage cocktails-combinations of 
multiple phage strains that target a broad spectrum of bacterial 
pathogens. These cocktails are designed to reduce the likelihood 
of bacterial resistance and ensure robust therapeutic effects. 
Phage cocktails can be customized based on the bacterial pro�ile 
of a patient. This approach enhances treatment �lexibility and 
offers a strategic response to polymicrobial infections [17], 
re�inement of phage mixtures is necessary to maintain their 
ef�icacy and safety in diverse clinical contexts.

Personalized	and	Precision	Medicine	Applications
Phage therapy is highly amenable to precision medicine 
approaches. Diagnostic tools such as whole-genome sequencing 
and rapid bacterial identi�ication systems allow clinicians to 
select phages that are uniquely effective against a patient's 
speci�ic infection [18]. Personalized phage therapy has already 
shown success in compassionate-use cases where conventional 
antibiotics failed. These tailored interventions may become 
standard practice as diagnostic technologies become faster, 
more accurate, and widely available.

Engineering	and	Synthetic	Biology	of	Phages
Advances in synthetic biology have made it possible to engineer 
phages with enhanced properties. Scientists can remove 
undesirable genes, such as those that mediate lysogeny or 
horizontal gene transfer, and insert bene�icial traits like 
expanded host range or bio�ilm-degrading enzymes. Genetically 
modi�ied phages can also be designed to avoid immune 
detection, deliver therapeutic payloads, or act in synergy with 
other drugs [19]. These engineered phages represent the next 
frontier in therapeutic virology and offer potential solutions to 
complex bacterial infections.

Phage	Therapy	in	Clinical	Trials	and	Case	Reports
Clinical trials evaluating the ef�icacy and safety of phage therapy 
are currently underway in several countries. Early-phase trials 
and case studies have demonstrated encouraging outcomes, 
especially in patients with chronic or life-threatening infections 
unresponsive to antibiotics. Despite limited large-scale clinical 
data, compassionate-use reports have shown success in treating 
multidrug-resistant infections, including Pseudomonas,

Acinetobacter, and Staphylococcus species. These real-world 
examples support further investment in rigorous clinical 
validation and regulatory development.

Challenges	and	Limitations	of	Phage	Therapy
Despite its promise, phage therapy faces several barriers to 
mainstream acceptance. Regulatory approval processes are 
complex due to the biological variability of phages and the 
personalized nature of treatment. Additionally, large-scale 
production, storage, and stability of phages remain logistical 
challenges. There is also the risk of bacterial resistance to 
phages, although this can often be mitigated with phage 
cocktails or new phage selections [20]. Furthermore, the 
immune system may neutralize phages before they reach their 
targets, which complicates treatment of systemic infections. 
Overcoming these challenges will require interdisciplinary 
collaboration and innovation.

Regulatory	Landscape	and	Policy	Hurdles
Current regulatory frameworks are not well-adapted to the 
unique characteristics of phage therapy. Traditional drug 
approval pathways are designed for chemically synthesized 
compounds, not biologically evolving entities like phages [21]. 
Regulatory bodies such as the Food and Drug Administration 
(FDA) and European Medicines Agency (EMA) are beginning to 
explore �lexible models for phage-based treatments, including 
compassionate-use programs and adaptive licensing. 
Harmonizing these regulations internationally will be essential 
for accelerating the development and distribution of phage 
therapeutics.
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Integration	with	Conventional	Therapies
Phage therapy does not necessarily have to replace antibiotics 
but can be used in conjunction with them. Combined therapy 
has been shown to be more effective in clearing infections and 
delaying the emergence of resistance. Synergistic effects 
between phages and antibiotics can reduce treatment durations 
and dosages, minimizing toxicity and side effects [22]. This 
integrative approach can form a multi-pronged defense against 
resistant infections, especially in high-risk clinical settings like 
Intensive Care Units (ICUs) and surgical wards.

Phage	Therapy	in	Veterinary	and	Agricultural	Settings
Beyond human medicine, phage therapy is gaining traction in 
veterinary and agricultural applications. It has shown potential 
in controlling bacterial diseases in livestock, poultry, and 
aquaculture, reducing reliance on antibiotics in food production 
[23]. Phages are also used to decontaminate food surfaces and 
equipment, thereby reducing the risk of bacterial outbreaks. 
Widespread adoption of phage-based biocontrol methods could 
contribute signi�icantly to global antimicrobial stewardship 
efforts.

Future	Prospects	and	Global	Impact
As antibiotic resistance continues to rise, bacteriophage therapy 
is poised to become a cornerstone of next-generation infectious 
disease treatment. Investment in research, infrastructure, and 
global collaboration will be vital to scale up phage therapy for 
widespread use [24]. With the integration of AI-driven 
diagnostics, genomic tools, and synthetic biology, the future of 
phage therapy lies in its personalization, adaptability, and 
sustainability. It has the potential not only to save lives but also 
to rede�ine our approach to microbial infections in a post-
antibiotic era.

Conclusion
Bacteriophage therapy stands at the forefront of modern 
medical innovation, offering a highly targeted, adaptable, and 
biologically sustainable approach to combating antibiotic-
resistant bacterial infections. Unlike traditional antibiotics, 
phages possess the unique ability to replicate at the site of 
infection, selectively destroy pathogenic bacteria, and evolve in 
response to microbial resistance. This biological precision, 
coupled with their effectiveness against bio�ilm-associated and 
chronic infections, provides a compelling argument for their 
broader integration into clinical practice. The resurgence of 
interest in phage therapy is not just a consequence of failing 
antibiotics but a testament to its untapped potential and 
compatibility with emerging technologies in diagnostics and 
personalized medicine. Despite its immense promise, the road 
to mainstream adoption of bacteriophage therapy is lined with 
signi�icant challenges. Regulatory frameworks, particularly in 
Western countries, are not yet fully equipped to evaluate the 
dynamic nature of phage preparations. There is a pressing need 
for standardized protocols in phage isolation, production, 
storage, and clinical application to ensure consistent safety and 
ef�icacy. Furthermore, public awareness and professional 
education on phage therapy remain limited, underscoring the 
importance of cross-sector collaboration between researchers, 
healthcare providers, policymakers, and industry stakeholders. 
These barriers, though complex, are surmountable through 
sustained research investment, international partnerships, and 
adaptive regulatory reforms.
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