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Antimicrobial resistance 
(AMR) poses a significant threat to 
global health. It makes treating bacterial 
infections increasingly difficult. AMR 
arises from various mechanisms of 
antibiotic resistance including 
enzymatic inactivation, target 
alteration, efflux pumps, and decreased 
permeability. The limited and often 
ineffective treatments relying on 
antibiotics and their combinations result 
in increased morbidity and mortality.  
Therefore, it is essential to explore 
alternative methods for combating the challenge of AMR. In recent years, there has been a notable shift towards precision medicine in the 
battle against AMR. Precision medicine, characterized by its focus on individualized treatment tailored to patients' specific genetic makeup, 
offers a paradigm shift in addressing AMR challenges. By pinpointing molecular targets responsible for infection, precision medicine enables 
more targeted and effective therapies, minimizing the risk of antimicrobial resistance development. Precision medicine can provide an 
alternative option to combat AMR by focusing on targets responsible for the infection. Bacteriophages and antimicrobial peptides (AMPs) 
are groups of antimicrobials that can serve as novel alternatives to antibiotics for combating the global antibiotic resistance challenge. They 
have the potential to be used as targeted therapy. Despite challenges such as limited host range, which refers to the specific bacteria they 
can infect, and regulatory concerns related to their approval and usage, bacteriophages have proven effective against bacteria causing 
infections. Meanwhile, AMPs provide a potential treatment approach against antibiotic-resistant bacteria due to their low molecular weight 
and broad-spectrum antimicrobial activity. AMPs can serve as a first line of defense against microorganisms. When used alone or combined 
with other biomaterials to increase therapeutic action, they can serve as a first line of defense against microorganisms. This review article 
aims to provide a comprehensive overview of the current understanding and clinical potential of bacteriophages and AMPs as alternatives 
to conventional antibiotics in addressing the pressing challenge of AMR. 
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INTRODUCTION 
Antimicrobial resistance (AMR) is a serious global health 

issue in the 21st century and poses a threat to the effectiveness of 
treatments. AMR arises when microorganisms such as bacteria, 

viruses, fungi, and parasites evolve and become resistant to 
medication. It makes infections harder to treat. According to a 
WHO report, more than 50% of life-threatening infections caused 
by bacteria are becoming resistant to treatment.1,2 According to a 
report published by the United Nations on AMR in April 2019, 
drug-resistant diseases have the potential to cause 10 million 
deaths annually by 2050 if effective measures are not taken to 
address this issue.3 According to estimates, bacterial AMR 
caused 4.95 million fatalities worldwide in 2019 and was directly 
responsible for 1.27 million deaths.  One in 5 people, who died 
from AMR infection was a child under 5 years of age, and 
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previously infected from treatable infections.4 Currently, AMR 
pathogens are causing 700,000 deaths per year, which is an 
alarming number that surpasses deaths from other diseases, and 
this situation is expected to worsen by 2050 (Figures 1 & 2).5,6,7 

 

AMR is caused by different factors including the absence of a 
proper surveillance system, overuse and misuse of 
antimicrobials, poor infection control, lack of patient and public 
awareness, limitation of recent AMR data, and inadequate 
diagnostic capacity.8 The antibiotic resistance has worsened due 
to the COVID-19 pandemic through the use and abuse of 
antibiotics, disruption of surveillance and preventive systems, 
and a decline in the research and development of novel 
antibiotics.9 Some bacterial strains have evolved into superbugs, 
they are resistant to most or all the existing antibiotics, such as 
the ESKAPE group (Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species) of 
bacteria.10,11,12,13 From the initial discovery of the first naturally 
occurring antibiotic, penicillin, by Alexander Fleming, resistance 
has been observed. Fleming warned about antibiotic resistance in 
his Nobel Prize lecture in 1945, saying “there is the danger that 
the ignorant man may easily underdose himself and by exposing 
his microbes to non-lethal quantities of the drug make them 
resistant.”14,15,16,17 Till now, the pharmaceutical industry has 
addressed this issue by making modifications to current 
antibiotics and growing new ones. However, in the last forty 
years, only three new categories of antibiotics (lipopeptides, 
oxazolidinones, and streptogramins) have been brought into the 
market, and they all are meant for treating gram-positive bacterial 

infections. Additionally, bacteria have proven their capacity to 
rapidly escalate antibiotic resistance, diminishing the 
effectiveness of this technique. This surely emphasizes the need 
for new antibacterial agents that work in a different way from 
traditional antibiotics. The urgent need has triggered global 
efforts in the development of innovative alternatives, with 
bacteriophages (phages) and antimicrobial peptides (AMPs) 
being promising candidates. This review aims to offer a thorough 
comprehensive study of conventional antibiotics, bacteriophages 
and antimicrobial peptides, including an illustration of our 
current understanding of these new preventive strategies, 
focusing on the mechanism of action, specificity and safety, 
antimicrobial status, and the relative advantages and 
disadvantages of its possible occurrence in clinical practice 
settings. 

FACTORS CONTRIBUTING TO THE DEVELOPMENT AND 
SPREAD OF AMR 

AMR is influenced by various factors. Some of the important 
factors contributing to the development and spread of AMR are 
overuse and misuse of antibiotics in both humans and animals, as 
well as improper use of antibiotics as growth promoters in 
livestock, which leads to the development of antibiotic resistance. 
Improper prescription practices, self-medication, and failing to 
complete antibiotic courses also contribute to the development of 
AMR.18 Poor infection control practices, such as inadequate 
sterilization of medical equipments and poor hand hygiene, can 
increase the risk of infection and the demand for antibiotics, 
which can lead to AMR. Due to the increase in international 
travel and commerce, it becomes easier for the rapid transmission 
of resistant bacteria across the globe, which makes AMR a 
worldwide health concern.19 Overcrowding, especially in 
healthcare settings, inadequate sterilization of medical 
equipments, and poor hand hygiene can lead to the spread of 
resistant bacteria.20 Inadequate access to high-quality healthcare 
and lack of awareness may result in the misuse of antibiotics as 
well as self-medication. The indiscriminate use of antibiotics in 
agriculture to treat livestock as well as growth promoters can lead 
to transferring of antibiotics to humans. Environmental 
contamination with antibiotics and resistant bacteria from 
agricultural and healthcare settings also leads to the AMR.21 

MECHANISM OF ANTIBIOTIC RESISTANCE 
Bacteria can acquire resistance to antibiotics through two main 

mechanisms: genetic mutations in their own genome, leading to 
cross-resistance to multiple drugs, or by acquiring resistance 
genes from other microbes through horizontal gene transfer 
processes like conjugation, transformation, or transduction. Once 
resistant, bacteria can employ various strategies to resist 
antibiotics, including inactivating the antibiotics, modifying 
antibiotic targets, altering membrane permeability, and utilizing 
bypass metabolic pathways (as shown in Figure 3).22,23,24 

ACQUISITION OF RESISTANCE   
Natural resistance or development 

Antibiotic resistance is not only a result of human activity. 
Rather, it is a naturally occurring process as a result of 

 
Figure 1. Recent statistics of deaths caused by major diseased 
conditions along with AMR. 
 

 
Figure 2. Expected death caused by AMR in comparison to other 
disease in 2050. 
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Figure 3. Different mechanisms of antibiotic resistance. 
 
interactions between bacteria (or other diseases) and their 
environment.25 Bacterial populations show genetic diversity due 
to genetic recombination and mutations. Certain members of the 
population can possess inherent traits, stemming from genetic 
compositions that confer resistance to particular antibiotics. The 
development of antibiotic-resistant bacteria through processes of 
evolution may be the cause of this antibiotic resistance.26 When 
antibiotics are introduced into an environment (like the human 
body), the bacterial populations undergo selection pressure. 
During this process, antibiotic-susceptible bacteria are 
eliminated, while some bacteria become less susceptible or 
resistant due to their advantageous genetic mutations. This leads 
to an increase in the proportion of resistant bacteria over time.27,28 
Horizontal gene-transfer and mobile genetic elements 

The transmission of genetic material across distinct species is 
known as horizontal gene transfer (HGT) or lateral gene transfer. 
HGT is more common among bacteria-to-bacteria, but it can also 
occur between other organisms, such as bacteria which act as 
donors, and organisms like fungi, animals, and plants which act 
as recipients.29 HGT is most frequently mediated by mobile 
genetic elements. Mobile genetic elements (MGEs) are the 
segments of DNA that can move from one location to another 
location within a genome or between different genomes and play 
an important role in displaying various physiological functions of 
bacterial cells.30,31 Transformation, transduction, and conjugation 
are the three primary mechanisms through which HGT occurs in 
bacteria. Other mechanisms involved in the HGT are gene 
transfer agents (GTAs), nanotubes, and membrane vesicles 
(MVs).32 The transformation mechanism of HGT allows bacteria 
to take up naked DNA from the environment, from the bacterium 
that has died, and release their DNA into the surrounding 
environment. The DNA can be inserted into the bacterial genome 
by homologous recombination or by non-homologous end 
joining.33 Transduction is a genetic recombination process in 
which the bacterial genes are incorporated into the genome of 
bacterial viruses (bacteriophages) and carried to another bacterial 
cell when the bacteriophage starts a new cycle of infection. In this 
process, a few specific genes are transduced.34 Conjugation is a 
mechanism by which bacterial cells can transfer genetic material 
to other bacteria through direct or bridge-like contact. The 
transferred genetic material is usually plasmid, a circular DNA 

molecule that can replicate self-reliantly from the bacterial 
chromosome.35 
Modification of antibiotic targets 

One of the most important strategies by which bacterial cells 
acquire MDR is modification of the antibiotic binding sites, 
which reduces the binding affinity between the drugs and the 
targets. Such types of target modification may include 1) 
enzymatic modification of the binding sites (addition of methyl 
group), 2) point mutation in the target encoding genes, and 3) 
replacement of the original target.36 β-lactamases are the oldest 
known antibiotic degrading enzyme that causes hydrolysis of the 
β-lactam ring of the β-lactam class of antibiotics and renders 
them ineffective. In 1940, the first case of β-lactamase resistance 
was reported. The study found an enzyme produced by the strain 
of Escherichia coli can destroy penicillin used to kill bacterial 
cells.37 Ambler classified the β-lactamase into four different 
classes based on their amino acid sequence and these are class A, 
B, C, and class D. Class A β-lactamase is the ESBL (extended-
spectrum β-lactamases). Class B β-lactamase is the metallo-β-
lactamases. Class C β-lactamases is the AmpC β-lactamases and 
class D β-lactamases is the OXA β-lactamases. Class A, C, and 
D require serine substrate for the hydrolysis of the β-lactam ring 
and thus it is called serine β-lactamases. Class B β-lactamases are 
also known as metallo-β-lactamases because they are dependent 
on bivalent metal ions, often zinc, to function.38 Some most 
dangerous and frequent β-lactamases are ESBLs and 
carbapenemases.39 N-acetyltransferase is an enzyme that can 
cause antibiotic modification and resistance by adding an acetyl 
group to aminoglycosides. These drugs bind to the ribosome of 
bacteria to prevent the production of proteins by the bacteria. 
Acetylation reduces the affinity of aminoglycosides to bind with 
the ribosome and reduces the ability to inhibit bacterial protein 
synthesis. Aac(6’)-lb is one of the most common plasmid-
mediated N-acetyltransferase genes found in Gram-negative 
bacteria such as K. pneumonia and E. coli.40 O-
phosphotransferase causes antibiotic modification by adding a 
phosphate group to the aminoglycoside. This causes inactivation 
of antibiotics and makes them ineffective against bacteria. Both 
Gram-negative and Gram-positive bacteria can produce the 
enzyme, but the function and structure are different depending on 
the bacteria.41 The aph(3’)-la gene encodes APH(3’)-la enzyme 
that phosphorylates the 3’-hydroxyl group of various 
aminoglycosides such as kanamycin, neomycin and gentamycin. 
aph(6)-la gene encodes APH(6)-la enzymes that phosphorylate 
6’-hydroxyl group of streptomycin and spectinomycin.42 Enzyme 
rRNA methyltransferase encoded by emr genes (erythromycin 
ribosomal methylation), causes macrolide resistance by 
enzymatic modification of the target site through methylation. 
This enzyme adds one or two methyl groups to the adenine 
residue in position A2058 of domain V present in the 23S rRNA, 
a part of the large (50S) ribosomal subunit. Because of this 
alteration, macrolides antibiotics have a lower affinity for 
attaching to the ribosome and are unable to suppress protein 
synthesis.43 Rifampin resistance is the best example of mutation-
based resistance.44,45 
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Cell permeability 
The antibiotic must penetrate the cell membrane of the 

bacterial cell in order to begin its antibiotic activity.46 There are 
mainly two different types of mechanisms through which 
antibiotics penetrate the bacterial cells: passive and active 
diffusion.47,48 The primary enzymes involved in the manufacture 
of peptidoglycan, the principal building block of bacterial cell 
walls, are penicillin-binding proteins (PBPs). Some bacteria can 
alter the structure of PBPs to reduce the binding affinity for 
penicillins and other antibiotics that target the bacteria cell wall. 
Examples of some bacteria that express altered PBPs are 
methicillin-resistant Staphylococcus aureus (MRSA), penicillin-
resistant Streptococcus pneumoniae, and Vancomycin-resistant 
Enterococcus (VRE).49 Vancomycin is a glycopeptide antibiotic, 
which inhibits the synthesis of peptidoglycan. Peptidoglycan is 
composed of repeating units of N-acetylglucosamine and N-
acetylmuramic acid which are linked by peptide bonds. 
Enterococcus bacteria acquire resistance by altering the 
peptidoglycan synthesis pathway. This altered peptide chain has 
a lower binding affinity to vancomycin, making it less effective 
in inhibiting cell wall synthesis. It possesses ~1000-fold lower 
binding affinity for D-Ala-D-Lac and ~7-fold lower binding 
affinity for D-Ala-D-Ser.50 Certain bacteria’s outer membrane 
has holes that are created by proteins called porins. It is mainly 
found in Gram-negative bacteria but also found in some Gram-
positive bacteria such as Mycobacterium tuberculosis and 
Bacillus anthracis. They allow the passage of small molecules 

such as water, ions, nutrients, and some antibiotics. Mutation can 
affect its structure, function, expression, and regulation. One of 
the most important and common mechanisms of porin mutation 
is an alteration of the porin gene sequence. The mutation reduces 
the permeability and affinity of drugs, by altering the electrostatic 
interaction between the drug and the porin.51 OmpF is a larger-
channel porin that allows more molecules to enter the cell, while 
OmpC is a smaller-channel porin that resists the molecule from 
entering the cells. Under high osmolarity or antibiotic stress 
conditions, OmpF expression is reduced and OmpC expression is 
increased, resulting in lower permeability.52 

Drug efflux pump 
The purpose of bacterial efflux pumps, which are a type of 

proteins found in bacterial plasma membranes, is to recognize 
and eliminate various pathogens that have entered the cytoplasm 
of the organism through the bacterial cell wall and excrete before 
they can harm the target. The first case of efflux pump was 
noticed in the 1980s when tetracycline was pumped out of the 
cytoplasm of E. coli.53 Efflux pump resistance mechanisms show 
resistance to a wide range of antibiotic classes including 
fluoroquinolones,β-lactams, aminoglycosides, macrolides, and 
tetracyclines.54 There are five major classes of efflux pumps: (1) 
the major facilitator superfamily, (2) the small multidrug 
resistance family (SMR), (3) the resistance-nodulation-cell-
division family, (4) the ATP-binding cassette family, and (5) the 
multidrug and toxic compound extrusion family.55 Further, based 
on their energy sources, efflux pumps are classified into two 

Table 1. List of currently used antibiotics against Gram-negative AMR bacteria. 
Currently 
used 
antibiotics 

Gram-negative AMR bacteria Mechanism of action Current clinical status Ref.  

Ceftazidime/ 
avibactam 

Carbapenem resistant 
Enterobacteriaceae, P. aeruginosa, A. 
baumannii 

Inhibit cell wall synthesis Resistance has been reported due to 
mutation. 

66,67 

Meropenem/ 
vaborbactam 

Carbapenem resistant 
Enterobacteriaceae, P. aeruginosa, E. 
coli 

Inhibits cell wall synthesis Resistance occurred due to mutation 
or production of metallo-β-
lactamases 

66–68 

 

Ceftolozane/ 
tazobactam 

E. coli, K. pneumoniae, Proteus 
mirabilis, P. aeruginosa 

Inhibit cell wall synthesis 
and β-lactamase enzyme 

Resistance occurred due to the 
production of AmpC 

66, 

67, 69 

Eravacycline Carbapenem resistant 
Enterobacteriaceae, A. baumannii, K. 
pneumoniae, Enterobacter cloacae 

Block the tRNA binding 
site and inhibit protein 
synthesis 

Resistance occurs due to the efflux 
pump 

66,67 

Levofloxacin K.pneumoniae, P. aeruginosa, E. coli DNA gyrase and 
topoisomerase inhibition 
will stop DNA replication 
and transcription 

Resistance increases due to mutation 
and efflux pump  

66,67 

Ampicillin Enterobacteriaceae, Haemophilus 
influenzae, Listeria monocytogenes 

Inhibit cell wall synthesis 
by binding with PBP 

Resistance occurred as a result of β-
lactamases synthesis 

67 

Cefiderocol A. baumannii, Stenotrophomonas 
maltophilia, Carbapenem resistant 
Enterobacteriaceae 

Prevent the production of 
cell walls 

Metallo-β-lactamasesproduction 
causes resistance 

70 

Delafloxacin A. baumannii, E. coli, K. pneumoniae, 
Haemophilus influenzae 

Inhibit DNA gyrase and 
Topoisomerase IV 

Efflux pump and mutations cause 
resistance  

71 

Colistin P. aeruginosa, A. baumannii, K. 
pneumoniae, Enterobacteriaceae 

Disrupts bacterial cell 
membrane 

Resistance occurs due to the 
modification of LPSand also overuse 
and misuse 

69 

Nalidixic acid E. coli, Salmonella spp., Shigella spp. Inhibit DNA gyrase Resistance occurs due to the 
mutation of the gyrA gene encoding 
DNA gyrase subunit A 

67 
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categories, ATP-binding cassette (ABC) superfamily and proton 
motive force (PMF)-dependent superfamily.56,57,58 Tetracycline 
resistance is the finest example of efflux-mediated antibiotic 
resistance. In this mechanism, the Tet efflux pump which belongs 
to MFS excretes out the tetracycline using proton exchange as the 
source of energy. Most of the efflux-pump resistance mechanism 
is found in Gram-negative bacteria, except Tet(K) and Tet(L) 
which are found predominantly in Gram-positive bacteria.59,60 

The MefA and MefE are the well-known efflux-pump encoded 
by mef genes that excrete out the antibiotics in the macrolide 
class. Along with other streptococci and Gram-positive bacteria, 
Streptococcus pyogenes and Streptococcus pneumoniae are the 
primary hosts of the Mef efflux pump.61  

CURRENT THERAPEUTIC OPTIONS FOR BACTERIAL 
INFECTION 
Single or combination of different antibiotics 

Conventional antibiotic therapy is used for the treatment of 
bacterial infections by either taking a single or a combination of 
two or more antibiotics. The main problem with using a single 
antibiotic drug in the treatment of bacterial infection is that it can 
increase the risk of antibiotic resistance. But, when a combination 
of antibiotics is used, it can have some advantages over 
monotherapy. Combination antibiotic therapy increases the 
antibacterial spectrum and can target a wide range of bacteria, 
especially when infection is caused by multiple or unknown 
pathogens.62,63 It can prevent or delay the development of 
resistance. This can preserve the efficacy of existing antibiotics 
and extend their clinical usefulness.64However, combination 
therapy also has some challenges and disadvantages, such as 
increasing risk of toxicity and adverse effects, increased cost and 
complexity of treatment, and lack of proper guidelines.65 

Different antibiotics are used for different types of infections and 
diseases (Tables 1 & 2) caused by both Gram-positive and Gram-
negative MDR bacteria.  
Limitations  

The main problem of antibiotic therapy in microbial infection 
is the resistance of the drugs, shown by the microbes through 
different mechanisms which are given above. Some other factors 
that limitation of antibiotic therapy in antimicrobial resistance are 
the misuse and overuse of antibiotics, such as prescribing them 
for viral infection, lack of new antibiotics being developed, the 
insufficient surveillance and monitoring of resistance patterns, 

which create difficult situations in choosing the most effective 
antibiotic against each infection, and the inadequate infection 
prevention and control measures.76 To overcome the limitations 
of conventional antibiotic therapy there is an urgent need for a 
paradigm shift towards precision medicine. Despite originally 
being quite successful, conventional antibiotic therapies are now 
challenged by the emergence of resistant bacterial strains. The 
different limitations of conventional antibiotic therapy mentioned 
above highlight the necessity of precision medicine, which 
provides a more individualized approach to care. The goal of 
precision medicine is to determine the most effective treatment 
based on the unique qualities of each patient, the characteristics 
of the microbes, and the dynamics of the microbial infection. 
Precision medicine can provide an individualized treatment plan 
that maximizes therapeutic results while lowering the chance of 
resistance development by utilizing advanced technologies such 
as genomics, proteomics, and bioinformatics. Thus, precision 
medicine has the potential to combat AMR by providing targeted 
and effective solutions and addressing the drawbacks of 
traditional antibiotic therapy.77,78 

ALTERNATIVE TREATMENT OPTIONS 
Precision medicine 

Precision medicine is a revolutionary approach that 
customizes medical decisions, interventions, and therapies for 
individual patients according to their genetic composition, 
distinctive traits, and expected outcomes. Precision medicine 
concedes that every patient has different demands when it comes 
to their health rather than taking a one-size-fits-all approach.79 

Precision medicine allows medical professionals to customize 
antibiotic treatments for each patient based on their unique 
immune response, genetic makeup, and the type of specific 
infection. By selecting the most effective antibiotic for a 
particular patient we can maximize the potential outcome while 
lowering the risk of resistance.77 AMR genomic surveillance 
combines data from the environment, humans, and animals. This 
comprehensive method helps us to understand interrelated factors 
responsible for the resistance. By identifying the genetic cause of 
the resistance, precision medicine provides personalized 
therapy.80,81 
Key components 

Precision medicine in the context of AMR, encompasses 
several essential components that work together to customize the 

Table 2. List of currently used antibiotics against gram-positive AMR bacteria.  
Currently used 
antibiotics 

Gram-positive AMR bacteria Mechanism of action Current clinical status Ref. 

Penicillin Staphylococcus, Streptococcus, 
Enterococcus 

Inhibit peptidoglycan 
synthesis in cell wall 

Resistance is common, especially in 
MRSA and VRE 

72 

vancomycin Staphylococcus, Streptococcus, 
Enterococcus, Clostridium difficile 

Inhibit cell wall synthesis Resistance is increasing especially in 
VRE and VRSA 

73 

Linezolid Staphylococcus, Streptococcus, 
Corynebacterium 

Attach to the 23S rRNA 
of 50S ribosomal subunit 
to inhibit the production 
of new proteins 

Resistance is low but emerging 
especially in MRSA and VRE 

74 

Fosfomycin Staphylococcus, Enterococcus, L. 
monocytogenes 

Inhibit cell wall synthesis Resistance is low but variable  75 
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unique requirements and features of each patient. Biomarkers 
play an important role in precision medicine because they help in 
the distinction between bacterial and viral infections, which is 
necessary for the proper administration of antibiotics.82 The 
application of “omics”-based technologies such as proteomics, 
genomics, and metabolomics, helps in a better understanding of 
disease mechanisms and allows the development of targeted 
therapies.77 Development in nano-biotechnology highlights the 
potential of targeted therapy, which can reduce adverse effects 
and improve therapeutic efficacy.83 Personalized medicine 
regimes not only consider the genetic factor, lifestyle, and 
environmental influences but also personal preferences in the 
treatment decision. It highlights a more comprehensive 
perspective of the patients, accounting for their unique conditions 
and values.84 
Limitations of precision medicine 

It is difficult to incorporate vast amounts of data, particularly 
genetic information, into therapeutic practice. Effective precision 
medicine depends on ensuring the data’s correctness, security, 
and interoperability.85 It remains challenging to distinguish 
between bacterial and viral infections, which frequently leads to 
inappropriate antibiotic use.77 One of the biggest challenges to 
incorporating precision medicine into standard clinical treatment 
is the lack of advanced technologies. Due to technological 
constraints, pathogen identification and antibiotic susceptibility 
testing may take longer than expected, affecting treatment 
choices.86 It is also challenging to develop effective therapies for 
patients with multiple disease conditions, and the high cost of 
testing and treatment can be a barrier to implementing precision 
medicine.87 One of the most significant challenges in the 
implementation of precision medicine is regulatory issues. As 
precision medicine requires personalized data that may not fit 
with the conventional clinical trial models, it complicates the 
foundation for generating evidence for the precision medicine. In 
the era of precision medicine, patient involvement in the 
regulatory process is difficult but essential.88 
Antimicrobial peptides (AMPs) against antibiotic resistance 

One of the possible alternatives for the emerging antibiotic 
resistance is AMPs. AMPs are short protein molecules that can 
inhibit or kill microorganisms, including bacteria, fungi, viruses, 
and parasites.89 The average number of amino acid residues in an 
AMP is 33.26 with a range of 10 to 60. Nearly all AMPs are 
cationic, with an average net charge of 3.32. There are also 
several anionic AMPs, which contain acidic amino acids 
including glutamic acid and aspartic acid.90 A total of 3791 AMPs 
have been documented to date, according to the AMP database; 
Data Repository of AMPs (DRAMP).91 AMPs can act on a 
variety of targets, including the bacterium’s intracellular and 
plasma membrane targets. They can also be effective against 
bacteria that are resistant to antibiotics.92,93 Furthermore, AMPs 
also exhibit anticancer activity, but their current clinical 
application is mainly for the treatment of pathogenic bacteria, 
wound healing, and inflammation.94 
Sources of AMPs 
One of the most important AMPs is Nisin, which is produced by 
the bacterium Lactococcus lactis.95 Because of its antibacterial 

properties, nisin is currently used as a food preservatives.96 

Copsin, an AMP originating from Coprinopsis cinerea, has 
antibacterial activity against a variety of Gram-positive bacteria 
by inhibiting cell wall synthesis, such as Enterococcus faecalis.97 
There are multiple families of AMPs that are derived from plants, 
such as thionins, defensins, and cyclotides. These AMPs protect 
the plant from the different pathogenic microorganisms.98 Plant 
seeds, stems, roots, and leaves are abundant sources of thionins, 
which exhibit antibacterial properties against both Gram-positive 
and Gram-negative bacteria.99,100 Another family of AMPs 
known as cathelicidins have different peptide lengths, amino acid 
sequences, and protein structures in addition to the highly 
conserved cathelin domain.101 They are processed and released 
by leukocyte activation from neutrophils and macrophage 
secretory granules where they are stored in a nonfunctional 
state.102 Fish is the source of the cathelicidins (codCath1 and 
CATHBRALE), which have antibacterial properties against a 
variety of Gram-positive and Gram-negative bacteria.103 

Cathelicidin-related peptides (crotalicidin) have been found in 
the South American rattlesnake. These peptides have the ability 
to eliminate 90% of P. aeruginosa and E. coli cells in 5-30 
minutes and 90-120 minutes, respectively.104 
Classification of AMPs 

AMPs are classified into 4 classes based on (a) source, (b) 
activity, (c) structural characteristics, and (d) amino acid-rich 
species.90 
a) Based on source 

Antimicrobial Peptide Database3 (APD3) classifies AMPs 
according to their origins into four categories: microbes, insects, 
amphibians and mammals.90 Defensins and cathelicidins are the 
two main groups of AMPs found in mammals. These are found 
in humans, sheep, cattle etc.105 Human host defense peptides 
(HDPs) are the peptides produced in humans that protect them 
from microbial infection. Amphibian peptides protect 
amphibians from pathogens. Amphibian AMPs mostly originate 

from frogs, with magainin being the most well-known.106 The 
most well-known AMP from insect is cecropin, which is 
produced by drosophila, bees, and guppy silkworms. It has anti-
cancer and anti-inflammatory activity.107 Nisin and gramicidin 

 
Figure 4. Mechanism of action of AMPs. 
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are the example of most important microorganism-derived AMPs 
derived from different bacteria, fungi like L. lactis, and Bacillus 
subtilis.108 
b) Based on activity 

The eighteen groups that comprise the action of AMPs include 
antiviral, antifungal, anti-human immunodeficiency virus (HIV), 
antibacterial, antiparasitic, and anti-tumor peptides.109 When 
applied to harmful fungus like Aspergillus and Candida albicans, 
antifungal peptides have outstanding antifungal properties. A. 
flavus produces aflatoxin, a carcinogen. For instance, A. flavus 
MD3 growth can be inhibited by an antifungal peptide of the 
sequence FPSHTGMSVPPP.110 Antiviral peptides have potent 
antiviral activity against viruses. The most important examples 
of this type of peptide are defensins, LL-37, and maximin3.111,112 

Numerous peptides with antiparasitic properties, such as 
temporins-SHd and cathelicidin, exhibit strong inhibitory effects 

on parasites.113 Puroindoline A and indolicidin are examples of 
anticancer peptides that can combat cancer cells.114 
c) Amino acid-rich species  

As a non-polar amino acid, proline acts somewhat differently 
from other amino acids. Rather than destroying the bacterium by 
rupturing the membrane, proline enters the bacterial cytoplasm 
through the inner membrane transporter sbmA and results in cell 
death.115 The histidine-rich AMP HV2 ruptures cell membranes 
and kill the bacterial cells.116 Tryptophan and arginine rich AMPs 
disrupt bacterial membranes, destabilizing them and causing cell 
death.117 
d) Structural characteristics 

Based on their structure, AMPs are classified into four groups: 
(i) β-sheet and α-helical peptides, (ii) linear extension structure, 
(iii) β-helix and β-sheet peptides, and (iv) linear α-helical 
peptides.118 

 

Table 3. List of currently used antibiotics against gram-positive AMR bacteria.  
Compound 
Names 

Sources Microorganisms Mechanism of action Clinical Status Ref 

Nisin A Lactococcus lactis S. aureus, S. pneumoniae, 
Enterococci & C. difficile 

It kills bacteria by forming 
pores in the cytoplasmic 
membrane disrupting and 
peptide-glycan synthesis 

Shows resistance, 
especially in Gram-
positive bacteria 

121 

Gramicidin S Bacillus brevis S. aureus &E. coli It kills bacteria by forming 
channels in the cell membrane 

Till now it has not 
shown sign of 
resistance to any 
bacteria 

122,123 

Polymyxin B Paenibacillus 
polymyxa 

K. pneumonia & A. 
baumannii 

It causes cell disruption and 
leakage of cellular content, 
ultimately cell death 

Some Gram-negative 
bacteria show 
resistance 

124 

Daptomycin Streptomyces 
roseosporus 

MRSA & VRE It causes disruption of 
bacterial cell membrane  

Show resistance, 
especially in Gram-
positive bacteria 

125 

Teixobactin Eleftheria terrae MRSA, VISA, S. 
pneumoniae, C. difficile & 
Bacillus anthracis 

Inhibit bacterial cell wall 
synthesis 

Till now there is no 
resistance has reported  

126 

Melittin Apis mellifera 
venom 

MRSA, A. baumannii, & 
KPC-producing K. 
pneumoniae 

It kills bacteria by disrupting 
bacterial cell though pore 
formation 

It shows resistance 
through various 
mechanism 

127 

Magainin 2 Skin of African 
clawed frog, 
Xenopus laevis 

A. baumannii & P. 
aeruginosa 

Kill bacteria by disrupting 
bacterial cell membrane 

Show resistance 
through various 
mechanism 

128 

Cathelicidin 
(LL-37) 

Found in 
neutrophils  

S. aureus, E. coli, H. 
pylori, K. pneumoniae, P. 
aeruginosa 

Kill bacteria by disrupting the 
bacterial cell membrane 

Show resistance in 
both Gram-positive 
and Gram-negative 
bacteria 

129 

Buforin Asian toad Bufo 
gargarizans 

E. coli Kill bacteria by disrupting the 
bacterial cell membrane 

Show resistance to 
many bacteria 

130 

β-defensin 2 Produced by 
various epithelial 
cells 

E. coli& Salmonella Kill bacteria by disrupting the 
bacterial cell membrane and 
interfering with their 
metabolism 

Show resistance by 
producing some 
enzyme or biofilm 

131 

lactoferricin 
B 

Derived from milk 
protein lactoferrin 

E. coli, K. pneumoniae & 
S. aureus 

Disrupt bacterial cell 
membrane and causes 
cytoplasmic leakage 

Resistance occurs due 
to the production of 
proteases 

132 

Friulimicin B Actinoplanes 
friuliensis 

MRSA Inhibit bacterial cell wall 
synthesis 

Bacteria such as S. 
aureus, S. pneumoniae 

133 

Cecropin A Hyalophora 
cecropia 

S. aureus, & MRSA Kills bacteria by forming 
pores in the membrane 

Show resistance by 
various bacteria 

134 
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Mechanism of action of AMPs 
AMPs have different mechanisms of action, depending on 

their charge, hydrophobicity, and target (Table 3). Some common 
mechanisms are plasma membrane disruption, where the AMPs 
can interact with the negatively charged particles of the cell 
membrane such as lipopolysaccharides, and phospholipids 
(Figure 4). It causes the formation of pores, channels, or micelles 
which results in the leakage of cytoplasmic components or influx 
of external compounds. Cecropins and defensins are examples of 
AMPs that act by this mechanism.91 The intracellular 
antimicrobial mechanism is the other mechanism of action of 
AMPs. AMPs can translocate across the cell membrane and can 
interfere with various processes such as DNA, RNA, and protein 
synthesis. This can cause inhibition of microbial growth or cell 
apoptosis. Buforin II and histatins are examples of AMPs that act 
by this mechanism.119 One of the most important mechanisms of 
AMPs is immune modulation, where AMPs can modulate the 
host immune response by affecting the cytokine production and 
signaling of monocytes, lymphocytes, and polymorphonuclear 
leukocytes (PMNs). These cells are important for initiating 
immune responses. AMPs can either enhance or suppress the 
cytokine secretion of the cells, depending upon the type and 
concentration of the peptide, the type, and states of the cells, and 
the presence of other stimuli.120 
Advantages and limitations of AMP therapy 

The main properties that make AMP a promising alternative to 
antibiotics include: (i) broad spectrum activity, (ii) rapid and 
potent antibacterial activity, (iii) low level of resistance, and (iv) 
vast variety of AMP in terms of structure and functionalities, 
which represents tremendous potential. However, AMPs also 
face some limitations. The first one is the low bioavailability; 
AMPs are often degraded by the proteases or blood plasma 
reducing their activity. They also have low oral absorption and 
tissue penetration and require high and frequent doses.91 The 
second one is high toxicity; AMPs can damage the host cell or 
tissue by interacting with the cell membrane or intracellular 
components and causing hemolysis and inflammation. Another 
limitation is its low specificity; AMPs can bind to both 
pathogenic and beneficial microbes and disrupt their function and 
balance. AMPs are expensive to produce by both the chemical 
and recombinant methods because of their complex structure. It 
also requires extensive optimization and screening to increase 
safety, stability, and potency.135 One of the most important 
challenges related to AMPs is their purification process. AMPs 
are produced by a wide range of organisms, which are present in 
different body parts and secretions. Because of the variety of 
sources, standardization of the purification process is 
challenging.136,137 Changes in temperature and pH during the 
purification process can have an impact on the structure and 
function of AMPs. Since the yield of AMPs from natural sources 
might be low, effective extraction and purification techniques 
must be developed to get a significant amount.138 These 
limitations cause serious problems for developing AMPs as 
effective and safe antimicrobial agents. However, advances in 
synthetic chemistry, computer-aided drug design, and drug-

delivery systems have provided new strategies to overcome these 
limitations.139 

Bacteriophages in the treatment of antibiotic resistance  
Felix d’Herelle, first time described bacteriophages. He was a 

French-Canadian microbiologist who worked at the Pasteur 
Institute in Paris. He observed that when some mysterious agents 
infect the culture, it became clear and he named these agents 
bacteriophages, meaning “bacteria-eater”. He published his 
findings in the journal ‘Comptes Rendus - Académie des 
sciences’ in 1917. However, some other sources suggest that 
Frederick W. Twort, a British bacteriologist had observed the 
bacteriophage phenomenon before d’Herelle. He observed that 
some Staphylococcus became transparent when infected with a 
filtrate from another bacterial culture. He published his 
observation in The Lancet journal in 1915 but did not name or 
characterize the agent responsible for it. That’s why Felix 
d’Herelle is considered the first to describe bacteriophages.140 We 
now live at a time when the World Health Organization has 
identified antibiotic resistance as the greatest threat to food 
security, development, and global health.141 It is incredibly 
expensive and takes a long time to create new antibiotics and new 
classes of drug that function entirely distinct from those that are 
already on the market.142 So, phages can be considered as the best 
alternative for antibiotic resistance. Bacteriophages are viruses 
that are most prevalent biological species on Earth can infect or 
kill bacteria. Bacteriophages cannot reproduce themselves, so 
they require a bacterial host for reproduction. Like most viruses, 
bacteriophages attack specific bacterial hosts.143 Bacteriophages 
may be found in the environment, soil, plants, animals, and even 
the seas. They can even be found deep beneath the earth's crust. 
For example, 1 milliliter of ocean water contains ~107 phages and 
approximately ~1031 phages are present in the environment.144 

Only 93 bacteriophages with genomes greater than 200 kbp have 
been identified in the last 100 years since phages were 
discovered, out of all known bacteriophages. The majority of 
phages have genomes less than 200 kbp.145 Phage genomes 
greater than 200 kbp are referred to as "jumbo phages”. Most of 
the bacteriophage range in size from 24-200 nm in length. An 
example of one of the largest phages is T4, the size of 
approximately 200 nm in length and 80-100 nm wide.146 

According to the International Committee on Taxonomy of 
Viruses (ICTV), bacteriophages are classified based on the 

 
Figure 5. Mechanism of action bacteriophages. 
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genetic material and virion morphology. More than 95% of the 
known phages come under the order Caudovirales, which contain 
double-stranded DNA. Based on tail morphology, the order 
Caudovirales is again divided into three families: Podoviridae 
(having a short noncontractile tail), Shipoviridae (having a long 
noncontractile tail), Myoviridae (having a long contractile tail).147 

ds-DNA-tailed bacteriophages are again classified into two 
different categories: lytic and temperate phages. Some 
bacteriophages do not come under the order Caudovirales 
because of their different morphologies, genomes, and lifestyles. 
They can be classified based on their nucleic acid type, presence, 
or absence of envelop capsid symmetry, and host range. 
Examples of some non-Caudovirales phages are the small 
ssRNA genomes of leviviruses,148 non-tailed dsDNA 
autolykiviruses,149 inoviridae, cystoviridae,150 tectiviridae, and 
plasmaviridae.151 

Mechanism of action  
Lytic phages are bacteriophages that infect their bacterial host, 

they take control of the bacterial machinery and make copies of 
themselves. As a result, the bacterial cells break, and more new 
bacteriophages are released. The growth of temperate phages is 
similar to that of lytic phages. In this phage, there is an alternative 
outcome: it can act either calmly by forming lysogeny which is 
the integration of phage genetic material into the bacterial 
genome, or the formation of circular replication in the bacterial 
cytoplasm, without causing any harm or it can switch to an 
aggressive mode causing bacterium to burst.143 Lytic 
bacteriophages, such as T4 and MS2 are mainly used in phage 
therapy because of their ability to invade and kill bacteria.152 

There are 6 steps involved in the lytic phage: attachment, 
penetration, transcription, mutation, biosynthesis, and lysis.153 

Some bacteriophages such as M13 show a chronic cycle where 
the phage continuously releases newly formed virions without 
cell lysis. However, this process affects the growth rate of host 
cells (Figure 5).154 
Phage therapy 

The use of bacteriophages in the treatment of bacterial 
infections, when the bacteria become resistant to the currently 
available drugs is known as phage therapy. When treating 
bacterial infections, it shows great promise as a substitute for 
antibiotics. Other than antibiotic resistance, one of the main 
problems of antibiotics is that they kill bacteria that are beneficial 
to humans along with the pathogenic bacteria. But 
bacteriophages are highly specific and target types of bacteria 
and kill selectively the harmful ones while leaving the beneficial 
ones unharmed.155 According to a report published by the ‘UC 
San Diego School of Medicine, the first therapeutic use of phages 
was evidenced in 1919, when a 12-year-old child suffering from 
acute dysentery was given a phage cocktail by Felix d'Herelle and 
a few hospital interns. Within a few days, the youngster 
recovered completely from a single dose. However, d’Herelle did 
not publish his findings until 1931156 The clinical use of phages 
for the treatment of a wide range of diseases started in the early 
1920s.157 The discovery of the first antibiotic, penicillin gave an 
alternative to phage therapy, and it faded out. Over the past few 
decades, phage therapy has gained popularity because of the 

growing threat of AMR.158However, phage therapy has been used 
for many years in several countries including Poland and Georgia 
and has gained popularity across other parts of the world.159 

According to a report published in Clinical Infectious Diseases 
on 20 patients with Mycobacterium infection, 11 out of 20 
showed clinical improvement, when treated with phage therapy 
and 6 out of 20 patients showed microbiological improvement 
while treated with phage therapy.160 Another study showed that a 
15-year-old girl with cystic fibrosis had undergone a double lung 
transplant but developed a severe infection and was resistant to 
all available antibiotics. However, six weeks of phage therapy 
showed significant improvement in clinical condition. This study 
includes isolation and testing of 15 phages that can kill bacterial 
strains that infected the girl.161 
Characteristics and immune response of therapeutic phages 

While selecting a phage for therapeutic use, there are several 
factors to be considered. Some of these are: first, host specificity; 
therapeutic phages must be highly specific, it should only kill 
pathogenic bacteria without harming beneficial ones. Second, the 
bacteriophage should be of broad spectrum, and capable of 
eliminating a variety of bacteria within the same species or genus. 
Third, the phages should be able to rapidly lysis the bacterial cell 
and release more new phages that cause infection of the bacterial 
cell. Fourth, therapeutic phages should be able to maintain their 
activity in different environmental conditions, such as pH, 
temperature, and pressure. Fifth, sometimes the use of antibiotics 
causes adverse effects, but the phages should be able to avoid or 
minimize the adverse effects such as toxicity, autoimmunity, 
inflammation, and allergic reactions. However, it should be noted 
that phages may act differently in vitro and in the patient. In vivo, 
bacteria may form biofilms, which causes poor penetration of 
phages into the bacteria or is not able to kill the bacteria 
efficiently.143,162,163 When used topically, immune responses to 
phages are not a concerning problem. However, there is a 
possibility of an immunological reaction when it is administered 

Table 4. Name of different bacteriophages under clinical trial with 
their targeted bacteria. 

Bacteriophages Targeted bacteria Phases of 
clinical trial 

Ref. 

AB-SA01 S. aureus Phase I/II 165 
AB-PA01 P. aeruginosa Phase I/II 166 
PYO and Intesti P. aeruginosa and 

E. coli 
Phase II/III 167 

Eliava-1 and 
Eliava-2 

E. coli and 
Salmonella 
enterica 

Phase III 168 

AP-MP02-1 and 
AP-MP02-2 

Mycobacterium 
abscessus 

Phase I/II 169 

AB-KP01 K. pneumoniae Phase I/II  170 
AB-EC01 E. coli Phase I/II  170 
AB-PA02 P. aeruginosa Phase I/II 170 
Phagoburn 
phage cocktail 

P. aeruginosa and 
E. coli 

Phase I/II 170 

AP-PA01 P. aeruginosa Phase I/II 171 
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in other ways, particularly intravenously, which might impact 
phage activity. As evidenced by the management of a young 
cystic fibrosis child receiving a bilateral lung transplant, the 
immune response may be neutralized in immunosuppressed 
individuals, such as organ transplant recipients.164 
Bacteriophages under clinical trials 

In 2019, intravenously administered phage therapy got 
approval from the USFDA for the first clinical trial. The trial was 
conducted by researchers at the University of California, San 
Diego School of Medicine in collaboration with the AmpliPhi 
Biosciences Corporation. In this trial, they used AB-SA01, a 
cocktail of three natural lytic bacteriophages that act against S. 
aureus.165 Currently, there are various bacteriophages that are 
under clinical trial (Table 4). 
Phage resistance 

Phage resistance is the most crucial phenomenon that can 
affect the outcome and success of phage therapy. Phage therapy 
has various advantages over conventional antibiotic therapy such 
as specificity, self-improving and self-replication. However, 
phages also face some challenges such as phage resistance. There 
are 4 main types of mechanisms through which bacteria resist 
phage therapy.172 
a) Restriction-modification (RM) system  

This is the mechanism by which bacteria can resist or evade 
the infection caused by phages. RM system comprises two types 
of enzymes, i.e., restriction enzymes (REs) and modification 
enzymes (MEs).173 There are four main types of RM systems, 
type I, II, III, and type IV. All these have different structures and 
functions. Type II RM system is the most studied and simple. 
b) CRISPR-Cas system 

CRISPR-Cas system is a bacterial immune system that 
recognizes and destroys foreign DNA molecules. Due to this 
reason, the CRISPR-Cas system acts as a source of phage 
resistance. As bacteria acquire new sequences from the phages 
and use the CRISPR-Cas system to cleave these sequences. This 
process is called CRISPR adaptation or spacer acquisition, and it 
is one of the most important bacterial immune systems against 
phages.174 
c) Abortive infection system (Abis)  

Abis is a phage resistance mechanism that kills the infected 
bacteria so that it cannot produce new phages. Abis is also known 
as programmed cell death or bacterial apoptosis. Examples of 
some Abis found in bacteria are AbiA, AbiE, AbiF, and 
AbiG.175,176 
d) Superinfection exclusion 

In this mechanism, the bacteria block the entry of the second 
phage after the first one. This prevents multiple infections and 
reduces the chances of further exchange of genetic material and 
recombination.172,177 
Advantages and limitations of phage therapy 
Advantages 

The advantages of phage therapy over conventional antibiotic 
therapy are as follows: (i) it does not interfere with the normal 
microbial flora of the human body, (ii) it is also effective against 
phase-resistance bacterial mutants because phage mutation is 

significantly higher than the bacteria, and (iii) side-effects are 
very rare.178 
Limitations  

Firstly, phage therapy is not well-regulated, mainly in the 
West. This makes it difficult to gain approval from the regulatory 
bodies and is widely accepted by the medical communities.157 

The classification of phages as antibiotics in legal texts affects 
how they are produced and how proof of efficiency is provided 
in randomized controlled trials.179 A major obstacle in the UK for 
phage therapy is that phages should be manufactured according 
to GMP standards.180 Phage therapy phase challenges in clinical 
trials due to its unique nature, and getting regulatory clearance 
may be difficult and time-consuming.181 Secondly, phage therapy 
is technically challenging to prepare and administer. Phages are 
highly specific to their bacterial targets and require testing and 
careful selection for each infection. Also, phages should be 
purified, stored, and delivered in the right ways to avoid 
degradation, contamination, and immune reactions.182 The third 
reason is that phage therapy is not well understood by patients, 
doctors, and researchers. Executing phage therapy requires a vast 
knowledge of microbiology, virology, immunology, medicine, 
genetics, etc. which is quite tough. The fourth reason is that phage 
therapy is not well-funded or supported by the government, 
institutions, or industries. There is a lack of investment in phage 
research & development as compared to antibiotics and there is 
also a lack of collaboration among phage experts around the 
world.183 However, there are still some concerns such as the 
release of large amounts of bacterial endotoxin due to rapid cell 
lysis, lack of pharmacokinetic data, neutralization of host phage 
therapy by the host immune system, conversion of lytic phages 
to the lysogenic phages leads to the bacterial immunity to attack 
by the corresponding lytic phages and may also change the 
virulence of the bacteria.184 

CONCLUSION 
Finding the best treatment options to combat bacterial 

resistance is a very difficult task. Precision medicine offers a 
promising approach for combating AMR by leveraging the 
targeted and personalized nature of bacteriophages and AMPs for 
more effective and tailored treatment strategies. AMPs have 
broad-spectrum antimicrobial activity with high specificity, and 
low toxicity and can act on multiple targets. Additionally, they 
can modulate the body's immune system and promote its defense 
mechanisms. However, the production and purification of AMPs 
pose significant challenges. In contrast, bacteriophages are 
highly specific as they only infect and harm specific pathogenic 
bacteria. This makes them flexible options that can be adapted to 
evolving bacterial strains. However, their high specificity is also 
a disadvantage, as they can only attack one bacterium at a time. 
The regulatory challenges associated with phage therapy, as well 
as the choice between bacteriophages and antibiotics, depend on 
the type and nature of the infection. The current clinical status of 
phage therapy has shown promising results, but not still widely 
approved or accepted by the regulatory authorities. The future of 
phage therapy requires rigorous and extensive research to 
establish its safety and efficacy. Phage therapy has the potential 
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to be a viable alternative to antibiotics but requires more clinical 
data to support it. Future studies should focus on transforming 
these antimicrobial alternatives into practical clinical substitutes 
for antibiotics and demonstrating their expected efficacy, safety, 
and affordability. 
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