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ABSTRACT

أخطر  من  واحدة   )MDR( المتعددة  للأدوية  المقاومة  البكتيريا  تشكل 
البكتيرية  بالعدوى  الإصابة  معدل  تزايد  إن  العالمية.  الصحية  التهديدات 
المطورة  الحيوية  المضادات  عدد  وانخفاض   MDR سلالات  عن  الناجمة 
هو  البدائل  هذه  أحد  بدائل.  عن  البحث  إلى  العلمي  المجتمع  دفع  حديثًا 
الأكثر  الحية   MDR كائنات  نناقش  المراجعة،  هذه  في  العاثيات.  استخدام 
 Pseudomonas و ،Acinetobacter baumanni خطورة، بما في ذلك
للميثيسيلين.  المقاومة   Staphylococcus aureus و   ،aeruginosa
بتضمين  قمنا   .MDR بكتيريا  ضد  بالعاثية  العلاج  فعالية  أيضًا  وتناقش 
دراسات من 10 سنوات ماضية فحصت فعالية العلاج بالعاثية ضد مسببات 
تأثير  على  الضوء  المراجعة  هذه  تسلط  ذلك،  إلى  بالإضافة   .MDR أمراض 
إلى أن العلاج  البكتيرية. تشير المعرفة الحالية  العاثيات ضد الأغشية الحيوية 
ذلك،  ومع   .MDR بكتيريا  ضد  محتملة  علاجية  استراتيجية  هو  بالعاثية 
لم  العاثيات  مقاومة  وظهور  مية  السُّ مثل  بالعاثية،  للعلاج  الضارة  الآثار  فإن 

يتم حلها بعد.

Multidrug-resistant (MDR) bacteria constitute 
one of the most serious global health threats. The 
increasing incidence rate of bacterial infections caused 
by MDR strains and the decrease in the number of 
newly developed antibiotics have prompted the 
scientific community to search for alternatives. One 
such alternative is the use of bacteriophages.  In this 
review, we discuss the most critical MDR organisms, 
including Acinetobacter baumanni, Pseudomonas 
aeruginosa, and methicillin-resistant Staphylococcus 
aureus. The efficacy of phage therapy against MDR 
bacteria is also discussed. We included studies from 
the last 10 years that examined the efficacy of phage 
therapy against MDR pathogens. In addition, this 
review highlights the effect of bacteriophages against 
bacterial biofilms. The existing knowledge indicates 
that phage therapy is a potential therapeutic strategy 
against MDR bacteria. However, the adverse effects of 
phage therapy, such as toxicity, and the emergence of 
phage resistance have not yet been resolved.
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Multidrug-resistant (MDR) bacteria, sometimes 
referred to as antimicrobial-resistant (AMR) 

bacteria, are a serious public health threat worldwide. 
Multidrug-resistant bacteria possess resistance to 
antibiotics either as a natural trait or through the 
acquisition of resistance over time. In other words, MDR 
bacteria are immune to the toxic effects of antibiotics. 
Therefore, infections caused by MDR organisms 
result in worse outcomes for patients. In 2019, MDR 
bacterial infections caused almost 5 million deaths 
globally, as estimated using a systematic analysis.1 In 
addition to being associated with a high mortality rate, 
MDR bacteria impose a significant financial burden on 
health-care systems. For instance, in the United States, 
the annual treatment cost of MDR bacterial infections 
was estimated to be 21–34 billion dollars.2

A large number of bacterial strains are becoming less 
susceptible or non-susceptible to commercially available 
antibiotics. The World Health Organization (WHO) 
has recently issued a list of critical pathogens that 
exhibit high resistance to antibiotics. The list is classified 
into 3 priority levels based on critical demand for new 
antibiotics, as follows: critical, high, and medium 
(Table 1; WHO). The decrease in the number of newly 
discovered antibiotics and the increasing number of 
resistant bacteria have urge the scientific community 
to search for alternatives to resolve this public health 
threat. Bacteriophages exhibit therapeutic potential 
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against bacterial infections, including those caused by 
MDR bacteria.3 Numerous bacteriophages have been 
examined for their antibacterial effects against MDR 
bacteria in animals and humans.4

This review focuses on MDR strains, including 
gram-negative and gram-positive bacteria, and their 
mechanisms of antibiotic resistance. It then examines 
the therapeutic potential of bacteriophages against 
infections caused by MDR bacterial strains. It includes 
in vitro, in vivo, and human studies published in the last 
decade. In addition, it investigates the antibiofilm effect 
of lytic phages against biofilms produced by MDR 
strains.

Multidrug-resistant bacteria. One of the critical 
(priority 1) organisms is Acinetobacter baumannii (A. 
baumannii) (Table 1). Acinetobacter baumannii is a gram-
negative bacillus primarily associated with health care-
acquired infections.5 In recent years, MDR A. baumannii 
has attracted global attention owing to its ability to resist 
most first-line antibiotics.5 Acinetobacter baumannii 
is defined as MDR when the pathogen resists at least 
3 antibiotic classes (penicillins and cephalosporins, 
including inhibitor combinations, fluroquinolones, 
and aminoglycosides) and as extensively drug resistant 
(XDR) when it is resistant to more than 3 classes of 
antibiotics and to carbapenems. It is defined as pan 
drug-resistant (PDR) when it is resistant to all the above 
mentioned antibiotics, polymyxin, and tigecycline.6,7

Pseudomonas aeruginosa (P. aeruginosa) is another 
organism classified as critical (priority 1) by the WHO 
(Table 1). It is an opportunistic human pathogen that 
normally does not cause infection in healthy individuals. 
However, it can cause life-threatening infections in 
immunocompromised people such as those with severe 
burns, organ transplants, cystic fibrosis, and cancer.8 
The management of P. aeruginosa infections has become 
difficult due to the rise in the quantity of isolates that 
are resistant to antibiotics.9 Several studies have reported 
that clinical isolates of P. aeruginosa exhibit resistance 
to a substantial number of commercially available 
antibiotics.10-13 Extensive and pan drug resistance have 
also been reported.14,15 For instance, Fernandes et al16 
reported several MDR P. aeruginosa isolates, including 
one that was resistant to all commercially available 
antibiotics.

Methicillin-resistant Staphylococcus aureus (MRSA) 
is a gram-positive coccus that is resistant to most 
available antibiotics.17 Most MRSA infections are 
health-care-associated MRSA (HA-MRSA) infections. 
In other words, people who have been hospitalized are 
at risk of MRSA infections.17 However, they can also 
manifest within the broader community, in which case 
they are referred to as community-associated MRSA.16 
Community-associated MRSA infections usually spread 
through skin-to-skin contact in crowded places such as 
schools, daycare centers, and gyms.18

Mechanisms of antibiotic resistance. The mechanisms 
of antibiotic resistance vary among resistant bacteria. 
For instance, A. baumannii avoid the toxic effects of 
antibiotics through several resistance mechanisms 
(Figure 1). First, it prevents antibiotic access into bacterial 
cells by reducing outer membrane permeability by down 
regulating the expression of porins, which results in a 
less permeable membrane. Second, using efflux pumps, 
A. baumannii pumps antibiotics out of their cells, 
thus preventing the toxic effects of antibiotics. Third, 
A. baumannii has genetic plasticity that allows rapid 
genetic mutations. Fourth, A. baumannii is capable of 
forming biofilms, which increases antibiotic tolerance.20

Bacteriophages. Bacteriophages, often referred to 
as phages, are viruses that exclusively target and kill 
bacteria without harming human cells. For this reason, 
scientists have studied bacteriophages as antibacterial 
agents since their discovery in 1915.4,20 Bacteriophages 
were discovered by an English physician, Frederick 
Twort, when he observed for the first time cleared spots 
on his bacterial plates. Those clear spots were, in fact, 
dead bacteria lysed by the killing effects of phages. Two 

Table 1 - Classification of priority pathogens based on their urgent need 
for new antibiotics (World Health Organization, 2017).

Bacteria Resistance
Priority 1: Critical

Acinetobacter baumannii Carbapenem
Pseudomonas aeruginosa Carbapenem

Enterobacteriaceae Carbapenem
Priority 2: High

Enterococcus faecium Vancomycin
Streptococcus pneumoniae Methicillin, vancomycin
Helicobacter pylori Clarithromycin
Campylobacter spp. Fluoroquinolone
Salmonella spp. Fluoroquinolone
Neisseria gonorrhoeae Cephalosporin, fluoroquinolone

Priority 3: Medium 
Streptococcus pneumoniae Penicillin
Haemophilus influenzae Ampicillin
Shigella spp fluoroquinolone

MDR: multidrug-resistant, spp: species

Disclosure. Authors have no conflict of interests, and the 
work was not supported or funded by any drug company.
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years later, in 1917, Felix d’Herelle published a similar 
observation. He suggested that these cleared spots were 
due to the lytic effect of phages.20

In 1919, for the first time, 4 pediatric patients 
with bacterial dysentery were successfully treated with 
bacteriophages at des Enfants-Malades hopital in Paris. 
Since then, phage therapy has been widely utilized, 
mainly in the Soviet Union and Eastern Europe.20

However, once antibiotics were discovered in the 
1940s, the western world overlooked phage therapy.3 
The newly discovered drug (antibiotics) was an ideal 
antibacterial agent until the rise of antibiotic-resistant 
pathogens during the 1980s.3 Since then, phages have 
attracted attention from the scientific community 
and have been rediscovered by western medicine as 
an alternative agent to combat antibiotic-resistant 
pathogens.3

Efficacy of bacteriophages against MDR bacteria. In 
vitro/in vivo studies. Owing to the increasing number 
of MDR bacteria, researchers have reconsidered the use 
of phage therapy to overcome MDR organisms.1,3 The 
efficacy of phage therapy against resistant bacteria to 
most, if not all, commercially available antibiotics has 
been extensively studied not only in vitro and in vivo 
but also in humans.4,21,22

Numerous in vitro and in vivo studies have 
shown a potent antibacterial effect of bacteriophages 

against MDR bacteria, as summarized in 
Tables 2 and Tables 3. The efficacy of phage therapy 
was evaluated against various genera of MDR bacteria, 
including A. baumannii, which is significantly difficult 
to treat using standard antibiotics.5 Studies have 
shown that phage therapy is highly effective against 
MDR A. baumannii, including carbapenem- and 
colistin-resistant isolates.23,24 Zhou et al24 compared the 
therapeutic effect of 2 bacteriophages and polymyxin B 
against carbapenem-resistant A. baumannii. Using the 
Galleria mellonella larva model, the study demonstrated 
that phage therapy increased the survival of larvae 
infected with A. baumannii by up to 75%.24 By contrast, 
polymyxin B increased the survival of larvae infected 
with A. baumannii by only 25%.24 Another study 
assessed the killing effect of bacteriophages against 
colistin-resistant A. baumannii.23 The study reported a 
substantial decrease in the number of colistin-resistant 
A. baumannii after only 40 minutes of a single phage 
treatment.23 Phage treatment was also effective against 
XDR A. baumannii strains. Wang et al25 assessed 
the killing efficacy of φkm18p phage against XDR 
A. baumannii. The study showed that mono-phage 
treatment of mice infected with XDR A. baumannii 
significantly increased survival by up to nearly 100%.
The antibacterial activity of bacteriophages against 
MDR P. aeruginosa was also evaluated in in vitro 

Figure 1 - Mechanisms of antibiotic resistance in Acinetobacter (A. baumannii).  Resistance can be conferred in A. baumannii 
through four main mechanisms; A) producing β-Lactamases that degrade the β-lactam ring; thus, inactivating 
β-lactam antibiotics. B) Preventing   access to antibiotics into the bacterial cell through reducing the outer membrane 
permeability. C) Pumping antibiotics out of the bacterial cell using efflux pumps. D) Modifying antibiotic’s target 
via genetic mutations; thus, antibiotic is no longer able to bind to its target.
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Table 2 - In vitro studies using bacteriophages or its derived enzymes against MDR bacteria.

Organism Bacteriophage Outcome Reference

Colistin-resistant MDR A. baumannii IsfAB78 phage IsfAB78 phage significantly lysed MDR A. baumannii (23)

Colistin-resistant P. aeroginosa  Phage cocktails (Psu1, Psu2, 
and Psu3) Phage cocktail effectively lysed MDR P. aeruginosa (26)

MDR A. baumannii, P. aeruginosa and K. 
pneumoniae Endolysin ElyA1

ElyA1 was effective against all 25 tested strains of A. baumannii 
and P. aeruginosa, showing susceptibility

Out of the 17 K. pneumoniae isolates, 13 of them were 
susceptible to ElyA1 led to a reduction of  bacterial load by ≥2 

log10

(34)

MDR K .pneumoniae ZCKP1  (35)

MRSA, VRE, and E. coli Vb_saum_LM12, vb_efas_
LM99 vb_ecom_JB75

The three phages showed significant inhibitory effects against 
MDR S. aureus , E. coli, and E. faecalis (28)

MDR P. aeruginosa Bacteriophage vb_paem_
LS1

Bacteriophage vb_paem_LS1 exhibited antibacterial activity 
against several P. aeruginosa isolates including MDR isolates (27)

MDR: Multidrug-resistant, A. baumannii: Acinetobacter baumannii, P. aeruginosa: Pseudomonas aeruginosa, K. pneumoniae: Klebsiella pneumoniae, E. coli: 
Escherichia coli, E. faecalis: Enterococcus faecalis, MRSA: Methicillin-resistant Staphylococcus aureus, VRE: Vancomycin-resistant enterococci, S. aureus: 

Staphylococcus aureus

Table 3 - In vivo studies using phage therapy against MDR bacteria.

Organism Model Bacteriophage Outcome Reference

Carbapenem resistant 
A. baumannii

Galleria mellonella 
larva

2 lytic phages 
(WCHABP1 and 

WCHABP12)

Either  phage WCHABP1 or WCHABP12 protected the 
larvae from a leathal dose of A. baumannii (24)

MDR A .baumannii

Galleria mellonella 
larva

Murine skin and 
murine lung 

infection models

Endolysin ElyA1 and 
colistin

The combination of ElyA1 and colistin increased survival 
rate of the treated larvae

The combination of ElyA1 and colistin decreased bacterial 
load in the skin wounds of the treated mice

The combination of ElyA1 and colistin reduced bacterial 
load in the lungs of the treated mice

(34)

MRSA and VISA Mice AB-SA01 Resulted in a substantial decrease in bacterial burden within 
the lungs of mice subjected to treatment (36)

MRSA
Mouse model 

of lung-derived 
septicemia

S130' Led to a significant increased in survival rate of treated mice (29)

MRSA Nude mice Phage JD007
Prevented S. aureus from dermal abscesses formation

Phage JD007 did not cause a robust immune responses in 
treated mice

(30)

Carbapenem-resistant 
A .baumannii   Mice Phage SH-Ab15519 Enhanced the survival rate among the mice that received 

treatment (37)

XDR A. baumannii Mice  φkm18p Enhanced the survival rate among the mice that received 
treatment and decreased bacterial load within them (25)

 MDR  K  .pneumoniae Mice 1513 Resulted in a higher survival rate among the mice that 
received treatment (38)

A. baumannii: Acinetobacter baumannii, MDR: Multidrug-resistant, MRSA: Methicillin-resistant Staphylococcus aureus, VISA: Vancomycin-intermediate 
Staphylococcus aureus, K. pneumoniae: Klebsiella pneumoniae, XDR: extensively drug resistant, S. aureus: Staphylococcus aureus

and in vivo studies.26 On the basis of these studies, 
bacteriophages have a potent killing activity against 
MDR P. aeruginosa. For instance, studies have tested 
phage cocktail against colistin-resistant P. aeruginosa.26,27 
Three phages (Psu1, Psu2, and Psu3) completely lysed 
the bacterial cells of colistin-resistant P. aeruginosa.26 

Another study investigated the antibacterial activity a 
lytic phage named as vB_PaeM_LS1 against clinical 
P. aeruginosa isolates, including MDR strains. Phage 

vB_PaeM_LS1 exhibited potent antibacterial activities 
against MDR and non-MDR P. aeruginosa isolates.27

Phage therapy is effective not only against infections 
caused by gram-negative bacteria but also against those 
caused by gram-positive bacteria, such as MRSA.28-31 

Numerous studies have demonstrated the therapeutic 
effect of bacteriophages against MRSA infections.28,30 
For instance, Takemura-Uchiyama et al29 carried out a 
preclinical study using a mouse model of lung-derived 
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septicemia to evaluate the efficacy of phage S13¢ against 
hospital-acquired MRSA isolates. In mice infected with 
MRSA, phage S13¢ was intraperitoneally administered 
6 hours (h) after infection.29 The study showed that 
phage S13¢ rescued the mice infected with a lethal dose 
of MRSA.29 The phage-treated mice had significantly 
higher survival rates than the untreated mice on day 
5 (67% vs. 10%).29 These results suggest that S13¢ is 
capable of rescuing mice from a lethal dose of MRSA.29 
However, phage S13¢ was administrated at an early 
stage of lung infection in mice, 6 h post infection. This 
raises a question whether phage administration at a 
later stage of infection would obtain a similar outcome. 
More studies are needed to address this question. 

Although bacteriophages are effective for killing 
MDR strains, bacteriophages are large structures that 
are likely to induce harmful immune responses.32 To 
overcome this challenge, instead of using intact phages, 
part of the phage components can be utilized as an 
antibacterial agent. For instance, endolysins are phage-
encoded enzymes that digest the cell wall of either 
gram-positive or gram-negative bacteria.33 However, the 
killing efficacy of endolysins is more effective in gram-
positive bacteria because the peptidoglycan layer is 
exposed.33 In gram-negative bacteria, the peptidoglycan 
layer is surrounded by an outer membrane layer, 
which reduces the accessibility of the targets of many 
endolysins.33 One approach to increase the therapeutic 
effect of endolysins is by using them in combination 
with antibiotics. Blasco et al33 assessed the therapeutic 
effects of endolysin ElyA1 and colistin against MDR 
A. baumannii. The researchers demonstrated that the 
combination of endolycin ElyA1 and colistin increased 
the survival of larvae infected with MDR A. baumannii 
and decreased the bacterial load in the skin and lungs 
of mice infected with MDR A. baumannii.33 However, 
the combination therapy of endolycin ElyA1 and 
colistin had no antimicrobial effects on colistin-
resistant A. baumanni isolates. This is probably due to 
the enzyme’s failure to reach the peptidoglycan layer.34 
Thus, endolysins alone may not be the suitable choice 
to tackle MDR bacteria.

Human studies. In addition to the in vitro and 
in vivo studies of the efficacy of bacteriophages against 
bacterial isolates, studies have also been carried out to 
test the effectiveness of phage therapy in humans. Over 
the last decade, numerous case reports and clinical trials 
of phage therapy have been carried out, as summarized 
by Liu et al.22 Most clinical studies of phage therapy 
utilized a combination treatment of bacteriophages 
and antibiotics to target various pathogens, including 
MDR isolates.22 The available literature data have 

shown that bacteriophages are potent therapeutics in 
treating various bacterial infections such as bacteremia, 
urinary tract infections (UTIs), surgical site infections 
(SSIs), diabetic foot ulcers, brain infections, corneal 
abscesses, lung transplant-related infections, aortic 
graft infections, pancreatitis, otitis, burn wounds, and 
diarrheal diseases.22,39

The most important question is whether the potent 
efficacy of bacteriophages against MDR bacteria that 
been shown in in vitro and in vivo models applies 
in humans. According to the published data, the 
use of bacteriophages in humans indicated a potent 
therapeutic effect against infections with various MDR 
isolates, including but not limited to, A. baumannii, 
P. aeruginosa, MRSA, and Klebsiella pneumoniae 
(K. pneumoniae) (Table 4). A phage cocktail approach 
seems to be the most effective way to overcome MDR 
pathogens, as shown by several human studies (Table 4). 
For instance, LaVergne et al40 reported the efficacy 
of phage therapy in treating MDR A. baumannii. A 
77-year-old patient who had undergone craniotomy 
had SSI with MDR A. baumannii. The isolate was 
resistant to all tested antibiotics. Initially, the patient 
was treated with a combination of 3 antibiotics: 
colistin, azithromycin, and rifampin. However, no 
clinical improvement was observed. Therefore, a phage 
cocktail was administered intravenously. After a total 
of 98 doses of bacteriophages, no signs of infection at 
the cranioctomy site were observed. In this study, there 
was no microbiological data after phage administration; 
thus, it cannot be concluded that phage therapy was 
successful.40 Further research is necessary to more 
thoroughly assess the effectiveness of phages.

In another case study, Khawaldeh et al41 reported 
the use of phage therapy to treat a patient with UTI 
infection caused by P. aeruginosa. When the antibiotic 
treatment failed to cure the P. aeruginosa infection, a 
combination therapy with 6-lytic phages and antibiotics 
was administered. The patient was treated with the 
phage cocktail for 5 days, followed by meropenem 
and colistin for 2 days. Microbiological studies have 
shown that phage treatment caused a tenfold reduction 
of bacteria in urine. When antibiotic treatment was 
involved, no bacteria were detected in the urine 
samples. These results indicate that antibiotic treatment 
combined with phages completely cured UTI caused by 
P. aeruginosa.41

On the other hand, a few studies have reported 
negative outcomes associated with phage therapy.42-44 

For instance, a 15-year-old diagnosed with cystic 
fibrosis and infected by drug-resistant mycobacterium 
abscessus underwent treatment with an intravenous 
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mixture of 3 phages. On the second day of treatment, 
the patient exhibited diaphoresis and cutaneous 
flushing; nevertheless, there were no indications of 
fever or modifications in the results of the physical 
examination.43 Another study reported adverse events 
related to bacteriophages. Nine patients with UTI 
were treated with an adapted Pyo bacteriophage. 
All phage-treated patients had no phage-associated 
adverse effects except for one patient with P. aeruginosa 
infection. The patient had a sudden fever (38.5°C) 
and chills on the third day of phage therapy. Thus, 
the phage therapy was stopped, and cephalosporin 
was prescribed. The authors attributed the sudden 
increase in the patient’s temperature to the release of 
endotoxins during P. aeruginosa lysis.42 A recent study 
showed that of 9 patients with chronic rhinosinusitis 
caused by Staphylococcus aureus (S. aureus), 6 developed 
mild adverse effects after phage treatment, which were 
classified as treatment-emergent adverse effects such 
as diarrhea, epistaxis, oropharyngeal pain, cough, 
rhinalgia, and decreased blood bicarbonate levels.44

Efficacy of bacteriophages against biofilms. Another 
major obstacle in treating bacterial infections is the 
ability of most bacteria genera, including MDR, to 
form biofilm structures. A biofilm is a population of 
microorganisms residing within a self-generated matrix 
composed of extracellular polymeric substances (EPSs). 
Extracellular polymeric substances are mainly composed 
of polysaccharides and proteins, lipids, and extracellular 
deoxyribonucleic acid. Within a biofilm, bacteria 
demonstrate greater protection from antibiotics and 

host immune defenses.50,51 A biofilm increases antibiotic 
resistance by up to 1000-fold.52 The significant increase 
in antibiotic resistance among biofilm cells is attributed 
to 2 factors. One factor is biofilm reducing antibiotic 
accessibility into biofilm cells. The biofilm matrix of 
EPS as a physical barrier prevents antibiotics from 
penetrating the EPS matrix.53 The other factor is biofilm 
cells that grow slowly and exhibit reduced metabolic 
activity; thus, the slow-growing cells are immune 
against antibiotics whose killing mechanisms require 
metabolically active cells.54

Treatment of biofilm-associated infections requires 
not only the inhibition of causative agents and 
bacteria but also the disruption of biofilm structures. 
One potential candidate for disrupting biofilms is 
bacteriophages. Bacteriophages exhibit potent activities 
against biofilm structures. As shown in Figure 2, 
bacteriophages can destroy bacterial biofilms through 
2 strategies. First, bacteriophages penetrate bacterial 
biofilms and eradicate them. Second, endolysins and 
depolymerases, which are phage-derived enzymes, 
possess enzymatic activity against bacterial biofilms.55

Several studies have assessed the antibiofilm activity 
of phages against biofilm formed by MDR isolates 
(Table 5). Phages have shown antibiofilm effects against 
biofilms formed by various MDR isolates, including but 
not limited to MDR P. aeruginosa, MDR A. baumannii, 
MDR K. pneumoniae, MDR Escherichia coli, MDR 
S. gallinarum, and MRSA.56-61 For instance, a recent 
study by Adnan et al56 examined the efficacy of a 
bacteriophage (MA-1) against MDR P. aeruginosa 

Table 4 - Case reports using phage therapy against MDR bacteria.

Organism  Bacteriophage  Outcome Reference
A .baumannii Phage cocktail The patient seemed to be more alert but still unresponsive

No sign of infection  at the craniotomy site was observed
The patient’s fever and leckocytosis were persisted

(40)

UTI infection with P. aeruginosa Phage cocktail The combination of phage and antibiotics (colistin and meropenem) 
cured the UTI
Led to a significant reduction of P. aeruginosa cells in the urine

(41)

MDR A. baumannii Phage cocktail The patient’s health significantly improved
Phage cocktail led to clearance of the A. baumannii infection (45)

Multidrug-resistant P. aeruginosa 
infection

Phage cocktail Bacteriophage cocktail treatment led to better clinical outcomes
Blood cultures were negative (46)

P. aeruginosa infection A single dose of phage OMKO1 
and ceftazidime

The combination of phage OMKO1 and ceftazidime cured I 
infection (47)

Drug-resistant Mycobacterium  
abscessus

3 phage cocktail Phage cocktail led to improved clinical outcomes including improved 
liver function and  wound closure (43)

Chronic methicillin-resistant S. 
aureus prosthetic joint infection

3 IV doses of phage Led to clearance of the severe chronic infection (48)

Multidrug-resistant, 
carbapenemase (KPC-3)-
producing K. pneumoniae

A custom-made, lytic 
bacteriophage Eradicated the infection caused by K. pneumoniae and no adverse 

effects were observed (49)

MDR: Multidrug-resistant, A. baumannii: Acinetobacter baumannii, P. aeruginosa: Pseudomonas aeruginosa, S. aureus: Staphylococcus aureus, 
K. pneumoniae: Klebsiella pneumoniae, IV: intravenous, UTI: urinary tract infection
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Figure 2 - Schematic representation of biofilm degradation by bacteriophages and its derived enzymes. Bacteriophages degrade bacterial biofilm by 3 
mechanisms; (i) Phage-derived endolysins, which degrades bacterial cell walls. (ii) bacteriophages degrade bacterial cell walls and biofilm matrix. 
(iii) phage-derived depolymerases as free enzyme or tail spike protein degrade biofilm matrix.

Table 5 - Studies of antibiofilm activity of bacteriophages on biofilms formed by MDR isolates.

Organism Phage treatment  Outcome Reference

MDR P. aeruginosa MA1- Reduction of 2.1-fold in a 24 hour (h) old biofilm, 2.5-fold in a 48 h old biofilm, and 
3.2-fold in a 72 h old biofilm (56)

MDR P. aeruginosa vB_PaeM_LS1 Eliminated preformed  biofilm (27)
MRSA CSA13 Reduced the biofilm biomass in  a 24h biofilm by 93% (60)

MDR E .cloacae MJ2 Reduction of 2.8-log in a 24 h old biofilm, 3-log in a 72 h old biofilm, and 3.5-log in 
120 h old biofilm (62)

MDR uropathogenic 
E. coli vB_EcoP-EG1 The phage eliminated 60% of a 24 h old biofilm developed by MG1655 and 50% of a 

24 h old biofilm developed by 390G7 (59)

MDR K. pneumoniae Z Reduction of 2-fold in a 24 h old biofilm and 3-fold in a 48 h old biofilm (58)

MDR A .baumannii Combination of bacteriophage 
cocktail and  antibiotics 

A synergistic effect between phage cocktail and some antibiotics caused a significant  
reduction in biofilm biomass formed by A. baumannii (57)

MDR P. stuartii Two lytic phages (PSTCR4 
and PSTCR6) Reduced P. stuartii biofilm cells by 2.86- and 2.46-log in latex and silicone catheters (63)

MDR K. pneumoniae Depolymerase (Dep42)
Dep42 significantly inhibited biofilm formation and degrade existed 

biofilms K. pneumoniae
Dep42 enhanced polymyxin activity against biofilm formed by K. pneumoniae biofilms

(64)

MDR A. baumannii Phage vABWU2101

Phage vABWU2101 exhibited activity against both existed biofilm and biofilm 
formation, accounting for 18.77 to 70.25% reduction in formation of biofilm biomass  

and 9.43 to 52.43% reduction in existed biofilm biomass
The combination treatment of phage vABWU2101 and tigecycline showed synergistic 

antibiofilm activity against biofilm formed by MDR A. baumanni

(65)

MDR: Multidrug-resistant, P. aeruginosa: Pseudomonas aeruginosa, MRSA: Methicillin-resistant Staphylococcus aureus, E .cloacae: Enterobacter cloacae, 
E. coli: Escherichia coli, A. baumanni: K. pneumoniae: Klebsiella pneumoniae, Z: bacteriophage Z, P. stuartii: Providencia stuartii
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biofilm. MA-1 resulted in a significant reduction 
of 2-fold in 24-h-old biofilms, 2.5-fold in 48-h-old 
biofilms, and 3.2-fold in 74-h-old biofilms developed 
by P. aeruginosa  However, MA-1 had no effect on other 
P. aeruginosa isolates due to the phage’s limited host 
range.Further research is needed to assess the efficacy of 
a phage cocktail against biofilm developed by different 
isolates of P. aeruginosa.

Another study targeted biofilms formed by MRSA 
isolates with bacteriophage CSA13. A 24-h-old 
biofilm formed in a 96-well plate was treated with the 
bacteriophage CSA13. The phage eradicated  93.4% of 
S. aureus CCARM 3793 MRSA biofilms and 78.5% of 
S. aureus Newman (MSSR) biofilms. This result suggests 
that biofilm of MRSA strain is more susceptible to 
phages than that of developed by MSSR.61 However, It 
is important to confirm this finding with more research 
by comparing the susceptibility of biofilms developed 
by MRSA isolates versus biofilms developed by MSSA 
isolates.

A recent study combined bacteriophage cocktails 
consisting of 5 bacteriophages and antibiotics against 
biofilms of MDR A. baumannii. The study reported a 
significantly greater reduction of biofilm biomass when 
24 biofilms were treated with a combined treatment 
(antibiotic + bacteriophage cocktail). The highest 
antibiofilm effect was observed when the bacteriophage 
cocktail was combined with trimethoprim/
sulfamethoxazole, accounting for a 98.6% reduction 
of the biofilm biomass of A. baumannii. The study 
concluded that the combination of bacteriophage 
cocktails and some antibiotics has a synergistic effect 
against biofilms of MDR A. baumannii.57

Challenges of phage therapy. Although phage 
therapy is a promising treatment for bacterial infections, 
particularly against MDR bacteria, it also comes with 
several challenges. One major challenge is selection of 
the right phage. There are 2 types of phages; lytic and 
temperate. Lytic phages immediately kill their bacterial 
hosts, while temperate, or lysogenic, phages integrate 
their genetic material into the host chromosome 
without killing their hosts. The concern of utilizing 
temperate phages in phage therapy is the possibility of 
transferring toxin or antibiotic resistant genes to their 
target bacterial.66,67 Another obstacle of phage therapy is 
the emerging of phage resistance. Similar to antibiotic 
resistance, bacteria are capable of developing resistance 
to phages. This can be achieved by a modification on 
bacterial cell surface.67,68 A study carried out by Le et al69 
showed P. aeruginosa exhibited a mutation in galU after 
exposure to lytic phage. GalU is a gene necessary for 
the production of LPS. Administration of phage is not 

straightforward as well. Unlike antibiotics, phages are 
self-replicating organisms; meaning the concentration 
of a phage mixture given to a patients may not be the 
exact concentration they actually receive.67,68

In conclusion, MDR bacteria are a terrifying major 
health issue worldwide. Infections caused by MDR 
bacteria are difficult to treat with conventional treatments 
(antibiotic therapies). The available antibiotics are 
becoming less or even ineffective in inhibiting MDR 
isolates. The golden age of antibiotics appears to have 
come to an end, and a post-antibiotic era is about to 
commence. Thus, the clinical and economic impacts 
of MDR bacteria necessitate the search for alternative 
antibacterial agents. One alternative is bacteriophages. 
They are the most ubiquitous organisms in the 
universe.70 Scientific studies have demonstrated the 
potent efficiency of bacteriophages and bacteriophage-
derived enzymes against MDR bacteria not only in 
in vitro models but also in in vivo models and humans, 
as described earlier. Besides their efficacy against MDR 
bacteria on planktonic form, bacteriophages have also 
demonstrated an antibiofilm effect against biofilms of 
MDR isolates (Table 5).

According to the existing literature, the most effective 
strategy to overcome antibiotic-resistant bacteria is 
by a combination treatment consisting of a phage 
cocktail and antibiotics (Tables 3 & 4). However, more 
investigations are required to evaluate the side effects of 
phage therapy, such as toxicity and unwanted immune 
response. In addition to conducting more studies 
on phage therapy, the scientific community should 
implement suitable regulations for the clinical use of 
phage therapy to accelerate the process of eradicating 
MDR bacteria.

Acknowledgment. The authors gratefully acknowledge 
Scribendi (www.scribendi.com) for the English language editing. 

References
  
  1. Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar 

G, Gray A, et al. Global burden of bacterial antimicrobial 
resistance in 2019: A systematic analysis. Lancet 2022; 399: 
629-655.

  2. van Duin D, Paterson DL. Multidrug-resistant bacteria in the 
community: Trends and lessons learned. Infect Dis Clin North 
Am 2016; 30: 377-390.

  3. Lin DM, Koskella B, Lin HC. Phage therapy: An alternative 
to antibiotics in the age of multi-drug resistance. World J 
Gastrointest Pharmacol Ther 2017; 8: 162-173. 

  4. Moghadam MT, Khoshbayan A, Chegini Z, Farahani I, Shariati 
A. Bacteriophages, a new therapeutic solution for inhibiting 
multidrug-resistant bacteria causing wound infection: Lesson 
from animal models and clinical trials. Drug Des Devel Ther 
2020; 14: 1867–1883.

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02724-0/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02724-0/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02724-0/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02724-0/fulltext
https://pubmed.ncbi.nlm.nih.gov/27208764/#article-details
https://pubmed.ncbi.nlm.nih.gov/27208764/#article-details
https://pubmed.ncbi.nlm.nih.gov/27208764/#article-details
https://pubmed.ncbi.nlm.nih.gov/28828194/#article-details
https://pubmed.ncbi.nlm.nih.gov/28828194/#article-details
https://pubmed.ncbi.nlm.nih.gov/28828194/#article-details
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237115/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237115/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237115/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237115/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237115/


1230 Saudi Med J 2023; Vol. 44 (12)     https://smj.org.sa   

Phage therapy for MDR ... Alqahtani

  5. Peleg AY, Seifert H, Paterson DL. Acinetobacter baumannii: 
Emergence of a successful pathogen. Clin Microbiol Rev 2008; 
21: 538-582.

  6. Manchanda V, Sanchaita S, Singh N. Multidrug resistant 
Acinetobacter. J Glob Infect Dis 2010; 2: 291-304.

  7. Al-Ouqaili MTS, Jaloot AS, Badawy AS. Identification of an 
OprD and bla IMP gene-mediated carbapenem resistance in 
Acinetobacter baumannii and Pseudomonas aeruginosa among 
patients with wound infections in Iraq. Asian J Pharm 2018; 12. 

  8. Falagas ME, Kasiakou SK. Colistin: The revival of polymyxins 
for the management of multidrug-resistant gram-negative 
bacterial infections. Clin Infect Dis 2005; 40: 1333-1341.

  9. Pang Z, Raudonis R, Glick BR, Lin TJ, Cheng Z. Antibiotic 
resistance in Pseudomonas aeruginosa: mechanisms and 
alternative therapeutic strategies. Biotechnol Adv 2019; 37: 
177-192. 

10. Paterson DL, Bonomo RA. Extended-spectrum β-lactamases: A 
clinical update. Clin Microbiol Rev 2005; 18: 657-686.

11. Khan F, Khan A, Kazmi SU. Prevalence and susceptibility 
pattern of multi drug resistant clinical isolates of Pseudomonas 
aeruginosa in Karachi. Pak J Med Sci 2014; 30: 951–954.

12. Kamali E, Jamali A, Ardebili A, Ezadi F, Mohebbi A. Evaluation 
of antimicrobial resistance, biofilm forming potential, and the 
presence of biofilm-related genes among clinical isolates of 
Pseudomonas aeruginosa. BMC Res Notes 2020; 13.

13. Ruiz-Roldán L, Bellés A, Bueno J, Azcona-Gutiérrez JM, Rojo-
Bezares B, Torres C, et al. Pseudomonas aeruginosa isolates from 
spanish children: Occurrence in faecal samples, antimicrobial 
resistance, virulence, and molecular typing. Biomed Res Int 
2018; 2018.

14. Saderi H, Owlia P. Detection of multidrug resistant (MDR) 
and extremely drug resistant (XDR) Pseudomonas aeruginosa 
isolated from patients in Tehran, Iran. Iran J Pathol 2015; 10: 
265-2671. 

15. Al-Qaysi AMK, Al-Ouqaili MTS, Al-Meani SAL. Ciprofloxacin- 
and gentamicin-mediated inhibition of Pseudomonas aeruginosa 
biofilms is enhanced when combined the volatile oil from 
Eucalyptus camaldulensis. Sys Rev Pharm 2020; 11: 98-105.

16. Fernandes M, Vira D, Medikonda R, Kumar N. Extensively and 
pan-drug resistant Pseudomonas aeruginosa keratitis: clinical 
features, risk factors, and outcome. Graefe’s Archive for Clinical 
and Experimental Ophthalmology 2016; 254:315-322.

17. Stefani S, Chung DR, Lindsay JA, Friedrich AW, Kearns 
AM, Westh H, et al. Meticillin-resistant Staphylococcus aureus 
(MRSA): Global epidemiology and harmonisation of typing 
methods. Int J Antimicrob Agents 2012; 39: 273-282.

18. Mayo Clinic. MRSA infection [Updated 2022; cited 2023 
May 17]. Available from: https://www.mayoclinic.org/diseases-
conditions/mrsa/symptoms-causes/syc-20375336

19. Kyriakidis I, Vasileiou E, Pana ZD, Tragiannidis A. Acinetobacter 
baumannii antibiotic resistance mechanisms. Pathogens 2021; 
10: 373.

20. Chanishvili N. Phage therapy-history from Twort and d’Herelle 
through Soviet experience to current approaches. Adv Virus Res 
2012; 83: 3-40. 

21. Melo LDR, Oliveira H, Pires DP, Dabrowska K, Azeredo J. 
Phage therapy efficacy: A review of the last 10 years of preclinical 
studies. Crit Rev Microbiol 2020; 46: 78-99.

22. Liu D, van Belleghem JD, de Vries CR, Burgener E, Chen Q, 
Manasherob R, et al. The safety and toxicity of phage therapy: 
A review of animal and clinical studies. Viruses 2021; 13: 1268.

23. Ebrahimi S, Sisakhtpour B, Mirzaei A, Karbasizadeh V, Moghim 
S. Efficacy of isolated bacteriophage against biofilm embedded 
colistin-resistant Acinetobacter baumannii. Gene Rep 2021; 22: 
100984.

24. Zhou W, FengY,  Zong Z. Two new lytic bacteriophages of the 
Myoviridae family against carbapenem-resistant Acinetobacter 
baumannii. Front Microbiol 2018; 9: 850.

25. Wang JL, Kuo CF, Yeh CM, Chen JR, Cheng MF, Hung 
CH. Efficacy of φkm18p phage therapy in a murine model of 
extensively drug-resistant Acinetobacter baumannii infection. 
Infect Drug Resist 2018; 11: 2301-2310.

26. Shokri D, Soleimani-Delfan A, Fatemi SM. Assessment of 
phage cocktails with extended host range activity against 
antibiotic resistant strains of Pseudomonas aeruginosa. Comp 
Clin Path 2017; 25: 1-6.

27. Yuan Y, Qu K, Tan D, Li X, Wang L, Cong C, et al. Isolation 
and characterization of a bacteriophage and its potential to 
disrupt multi-drug resistant Pseudomonas aeruginosa biofilms. 
Microb Pathog 2019; 128: 329-336.

28. Barros J, Melo LDR, Poeta P, Igrejas G, Ferraz MP, Azeredo 
J, et al. Lytic bacteriophages against multidrug-resistant 
Staphylococcus aureus, Enterococcus faecalis and Escherichia coli 
isolates from orthopaedic implant-associated infections. Int J 
Antimicrob Agents 2019; 54: 329-337.

29. Takemura-Uchiyama I, Uchiyama J, Osanai M, Morimoto N, 
Asagiri T, Ujihara T, et al. Experimental phage therapy against 
lethal lung-derived septicemia caused by Staphylococcus aureus 
in mice. Microbes Infect 2014; 16: 512-517.

30. Ding B, Li Q, Guo M, Dong K, Zhang Y, Guo X, et al. 
Prevention of dermal abscess formation caused by Staphylococcus 
aureus using phage JD007 in nude mice. Front Microbiol 2018; 
23: 1553.

31. Al-Ouqaili MTS, Al-Kubaisy SHM, Al-Ani NFI. Biofilm 
antimicrobial susceptibility pattern for selected antimicrobial 
agents against planktonic and sessile cells of clinical isolates of 
staphylococci using MICs, BICs and MBECs. Asian J Pharm 
2018; 12.

32. Loc-Carrillo C, Abedon ST. Pros and cons of phage therapy. 
Bacteriophage 2011; 1: 111-114.

33. Haddad Kashani H, Schmelcher M, Sabzalipoor H, Seyed 
Hosseini E, Moniri R. Recombinant endolysins as potential 
therapeutics against antibiotic-resistant staphylococcus aureus: 
Current status of research and novel delivery strategies. Clin 
Microbiol Rev 2018; 31. 

34. Blasco L, Ambroa A, trastoy R, Bleriot I, Moscoso M, Fernández-
Garcia L, et al. In vitro and in vivo efficacy of combinations 
of colistin and different endolysins against clinical strains of 
multi-drug resistant pathogens. Sci Rep 2020; 10: 7163.

35. Taha OA, Connerton PL, Connerton IF, El-Shibiny A. 
Bacteriophage ZCKP1: A potential treatment for Klebsiella 
pneumoniae isolated from diabetic foot patients. Front Microbiol 
2018; 9: 2127.

36. Lehman SM, Mearns G, Rankin D, Cole RA, Smrekar F, 
Branston SD, et al. Design and preclinical development of 
a phage product for the treatment of antibiotic-resistant 
staphylococcus aureus infections. Viruses 2019; 11: 88.

37. Hua Y, Luo T, Yang Y, Dong D, Wang R, Wang Y, et al. Phage 
therapy as a promising new treatment for lung infection caused 
by carbapenem-resistant Acinetobacter baumannii in mice. 
Front Microbiol 2018; 8: 2659.

https://pubmed.ncbi.nlm.nih.gov/18625687/#article-details
https://pubmed.ncbi.nlm.nih.gov/18625687/#article-details
https://pubmed.ncbi.nlm.nih.gov/18625687/#article-details
https://pubmed.ncbi.nlm.nih.gov/20927292/#article-details
https://pubmed.ncbi.nlm.nih.gov/20927292/#article-details
https://www.researchgate.net/publication/328554574_Identification_of_an_OprD_and_bla_IMP_Gene-mediated_Carbapenem_Resistance_in_Acinetobacter_baumannii_and_Pseudomonas_aeruginosa_among_Patients_with_Wound_Infections_in_Iraq
https://www.researchgate.net/publication/328554574_Identification_of_an_OprD_and_bla_IMP_Gene-mediated_Carbapenem_Resistance_in_Acinetobacter_baumannii_and_Pseudomonas_aeruginosa_among_Patients_with_Wound_Infections_in_Iraq
https://www.researchgate.net/publication/328554574_Identification_of_an_OprD_and_bla_IMP_Gene-mediated_Carbapenem_Resistance_in_Acinetobacter_baumannii_and_Pseudomonas_aeruginosa_among_Patients_with_Wound_Infections_in_Iraq
https://www.researchgate.net/publication/328554574_Identification_of_an_OprD_and_bla_IMP_Gene-mediated_Carbapenem_Resistance_in_Acinetobacter_baumannii_and_Pseudomonas_aeruginosa_among_Patients_with_Wound_Infections_in_Iraq
https://pubmed.ncbi.nlm.nih.gov/15825037/#article-details
https://pubmed.ncbi.nlm.nih.gov/15825037/#article-details
https://pubmed.ncbi.nlm.nih.gov/15825037/#article-details
https://pubmed.ncbi.nlm.nih.gov/30500353/#article-details
https://pubmed.ncbi.nlm.nih.gov/30500353/#article-details
https://pubmed.ncbi.nlm.nih.gov/30500353/#article-details
https://pubmed.ncbi.nlm.nih.gov/30500353/#article-details
https://pubmed.ncbi.nlm.nih.gov/16223952/#article-details
https://pubmed.ncbi.nlm.nih.gov/16223952/#article-details
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4163210/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4163210/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4163210/
https://www.researchgate.net/publication/338524110_Evaluation_of_antimicrobial_resistance_biofilm_forming_potential_and_the_presence_of_biofilm-related_genes_among_clinical_isolates_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/338524110_Evaluation_of_antimicrobial_resistance_biofilm_forming_potential_and_the_presence_of_biofilm-related_genes_among_clinical_isolates_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/338524110_Evaluation_of_antimicrobial_resistance_biofilm_forming_potential_and_the_presence_of_biofilm-related_genes_among_clinical_isolates_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/338524110_Evaluation_of_antimicrobial_resistance_biofilm_forming_potential_and_the_presence_of_biofilm-related_genes_among_clinical_isolates_of_Pseudomonas_aeruginosa
https://www.hindawi.com/journals/bmri/2018/8060178/
https://www.hindawi.com/journals/bmri/2018/8060178/
https://www.hindawi.com/journals/bmri/2018/8060178/
https://www.hindawi.com/journals/bmri/2018/8060178/
https://www.hindawi.com/journals/bmri/2018/8060178/
https://pubmed.ncbi.nlm.nih.gov/26351496/#article-details
https://pubmed.ncbi.nlm.nih.gov/26351496/#article-details
https://pubmed.ncbi.nlm.nih.gov/26351496/#article-details
https://pubmed.ncbi.nlm.nih.gov/26351496/#article-details
https://www.sysrevpharm.org/articles/ciprofloxacin-and-gentamicinmediated-inhibition-of-pseudomonas-aeruginosa-biofilms-is-enhanced-when-combined-the-volatil.pdf
https://www.sysrevpharm.org/articles/ciprofloxacin-and-gentamicinmediated-inhibition-of-pseudomonas-aeruginosa-biofilms-is-enhanced-when-combined-the-volatil.pdf
https://www.sysrevpharm.org/articles/ciprofloxacin-and-gentamicinmediated-inhibition-of-pseudomonas-aeruginosa-biofilms-is-enhanced-when-combined-the-volatil.pdf
https://www.sysrevpharm.org/articles/ciprofloxacin-and-gentamicinmediated-inhibition-of-pseudomonas-aeruginosa-biofilms-is-enhanced-when-combined-the-volatil.pdf
https://pubmed.ncbi.nlm.nih.gov/26537122/
https://pubmed.ncbi.nlm.nih.gov/26537122/
https://pubmed.ncbi.nlm.nih.gov/26537122/
https://pubmed.ncbi.nlm.nih.gov/26537122/
https://pubmed.ncbi.nlm.nih.gov/22230333/#article-details
https://pubmed.ncbi.nlm.nih.gov/22230333/#article-details
https://pubmed.ncbi.nlm.nih.gov/22230333/#article-details
https://pubmed.ncbi.nlm.nih.gov/22230333/#article-details
https://www.mayoclinic.org/diseases-conditions/mrsa/symptoms-causes/syc-20375336
https://www.mayoclinic.org/diseases-conditions/mrsa/symptoms-causes/syc-20375336
https://www.mayoclinic.org/diseases-conditions/mrsa/symptoms-causes/syc-20375336
https://pubmed.ncbi.nlm.nih.gov/33808905/#article-details
https://pubmed.ncbi.nlm.nih.gov/33808905/#article-details
https://pubmed.ncbi.nlm.nih.gov/33808905/#article-details
https://pubmed.ncbi.nlm.nih.gov/22748807/#article-details
https://pubmed.ncbi.nlm.nih.gov/22748807/#article-details
https://pubmed.ncbi.nlm.nih.gov/22748807/#article-details
https://pubmed.ncbi.nlm.nih.gov/32091280/#article-details
https://pubmed.ncbi.nlm.nih.gov/32091280/#article-details
https://pubmed.ncbi.nlm.nih.gov/32091280/#article-details
https://pubmed.ncbi.nlm.nih.gov/34209836/#article-details
https://pubmed.ncbi.nlm.nih.gov/34209836/#article-details
https://pubmed.ncbi.nlm.nih.gov/34209836/#article-details
https://www.sciencedirect.com/science/article/abs/pii/S2452014420303988
https://www.sciencedirect.com/science/article/abs/pii/S2452014420303988
https://www.sciencedirect.com/science/article/abs/pii/S2452014420303988
https://www.sciencedirect.com/science/article/abs/pii/S2452014420303988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5936750/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5936750/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5936750/
https://pubmed.ncbi.nlm.nih.gov/30532563/#article-details
https://pubmed.ncbi.nlm.nih.gov/30532563/#article-details
https://pubmed.ncbi.nlm.nih.gov/30532563/#article-details
https://pubmed.ncbi.nlm.nih.gov/30532563/#article-details
https://www.researchgate.net/publication/311865746_Assessment_of_phage_cocktails_with_extended_host_range_activity_against_antibiotic_resistant_strains_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/311865746_Assessment_of_phage_cocktails_with_extended_host_range_activity_against_antibiotic_resistant_strains_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/311865746_Assessment_of_phage_cocktails_with_extended_host_range_activity_against_antibiotic_resistant_strains_of_Pseudomonas_aeruginosa
https://www.researchgate.net/publication/311865746_Assessment_of_phage_cocktails_with_extended_host_range_activity_against_antibiotic_resistant_strains_of_Pseudomonas_aeruginosa
https://pubmed.ncbi.nlm.nih.gov/30682523/#article-details
https://pubmed.ncbi.nlm.nih.gov/30682523/#article-details
https://pubmed.ncbi.nlm.nih.gov/30682523/#article-details
https://pubmed.ncbi.nlm.nih.gov/30682523/#article-details
https://pubmed.ncbi.nlm.nih.gov/31229670/#article-details
https://pubmed.ncbi.nlm.nih.gov/31229670/#article-details
https://pubmed.ncbi.nlm.nih.gov/31229670/#article-details
https://pubmed.ncbi.nlm.nih.gov/31229670/#article-details
https://pubmed.ncbi.nlm.nih.gov/31229670/#article-details
https://pubmed.ncbi.nlm.nih.gov/24631574/#article-details
https://pubmed.ncbi.nlm.nih.gov/24631574/#article-details
https://pubmed.ncbi.nlm.nih.gov/24631574/#article-details
https://pubmed.ncbi.nlm.nih.gov/24631574/#article-details
https://pubmed.ncbi.nlm.nih.gov/30083139/#article-details
https://pubmed.ncbi.nlm.nih.gov/30083139/#article-details
https://pubmed.ncbi.nlm.nih.gov/30083139/#article-details
https://pubmed.ncbi.nlm.nih.gov/30083139/#article-details
https://pubmed.ncbi.nlm.nih.gov/22334867/#article-details
https://pubmed.ncbi.nlm.nih.gov/22334867/#article-details
https://journals.asm.org/doi/epub/10.1128/cmr.00071-17
https://journals.asm.org/doi/epub/10.1128/cmr.00071-17
https://journals.asm.org/doi/epub/10.1128/cmr.00071-17
https://journals.asm.org/doi/epub/10.1128/cmr.00071-17
https://journals.asm.org/doi/epub/10.1128/cmr.00071-17
https://www.researchgate.net/publication/340977506_In_vitro_and_in_vivo_efficacy_of_combinations_of_colistin_and_different_endolysins_against_clinical_strains_of_multi-drug_resistant_pathogens
https://www.researchgate.net/publication/340977506_In_vitro_and_in_vivo_efficacy_of_combinations_of_colistin_and_different_endolysins_against_clinical_strains_of_multi-drug_resistant_pathogens
https://www.researchgate.net/publication/340977506_In_vitro_and_in_vivo_efficacy_of_combinations_of_colistin_and_different_endolysins_against_clinical_strains_of_multi-drug_resistant_pathogens
https://www.researchgate.net/publication/340977506_In_vitro_and_in_vivo_efficacy_of_combinations_of_colistin_and_different_endolysins_against_clinical_strains_of_multi-drug_resistant_pathogens
https://pubmed.ncbi.nlm.nih.gov/30254618/#article-details
https://pubmed.ncbi.nlm.nih.gov/30254618/#article-details
https://pubmed.ncbi.nlm.nih.gov/30254618/#article-details
https://pubmed.ncbi.nlm.nih.gov/30254618/#article-details
https://pubmed.ncbi.nlm.nih.gov/30669652/#article-details
https://pubmed.ncbi.nlm.nih.gov/30669652/#article-details
https://pubmed.ncbi.nlm.nih.gov/30669652/#article-details
https://pubmed.ncbi.nlm.nih.gov/30669652/#article-details
https://pubmed.ncbi.nlm.nih.gov/29375524/#article-details
https://pubmed.ncbi.nlm.nih.gov/29375524/#article-details
https://pubmed.ncbi.nlm.nih.gov/29375524/#article-details
https://pubmed.ncbi.nlm.nih.gov/29375524/#article-details


1231     https://smj.org.sa      Saudi Med J 2023; Vol. 44 (12)

Phage therapy for MDR ... Alqahtani

38. Cao F, Wang X, Wang L, Li Z, Che J, Wang L, et al. Evaluation 
of the efficacy of a bacteriophage in the treatment of pneumonia 
induced by multidrug resistance klebsiella pneumoniae in mice. 
Biomed Res Int 2015; 2015: 752930.

39. Kortright KE, Chan BK, Koff JL, Turner PE. Phage therapy: A 
renewed approach to combat antibiotic-resistant bacteria. Cell 
Host Microbe 2019; 25: 219-232.

40. LaVergne S, Hamilton T, Biswas B, Kumaraswamy M, Schooley 
RT, Wooten D. Phage therapy for a multidrug-resistant 
Acinetobacter baumannii craniectomy site infection. Open 
Forum Infect Dis 2018; 5: ofy064.

41. Khawaldeh A, Morales S, Dillon B, Alavidze Z, Ginn 
AN, Thomas L, et al. Bacteriophage therapy for refractory 
Pseudomonas aeruginosa urinary tract infection. J Med Microbiol 
2011; 60: 1697-1700.

42. Ujmajuridze A, Chanishvili N, Goderdzishvili M, Leitner L, 
Mehnert U, Chkhotua A, et al. Adapted bacteriophages for 
treating urinary tract infections. Front Microbiol 2018; 9: 1832.

43. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell 
DA, Ford K, Harris K, et al. Engineered bacteriophages for 
treatment of a patient with a disseminated drug-resistant 
Mycobacterium abscessus. Nat Med 2019; 25: 730–733.

44. Ooi ML, Drilling AJ, Morales S, Fong S, Moraitis S, MacIas-
Valle L, et al. Safety and tolerability of bacteriophage therapy 
for chronic rhinosinusitis due to Staphylococcus aureus. JAMA 
Otolaryngol Head Neck Surg 2019; 145: 723-729.

45. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster 
J, Lessor L, et al. Development and use of personalized 
bacteriophage-based therapeutic cocktails to treat a patient with 
a disseminated resistant Acinetobacter baumannii infection. 
Antimicrob Agents Chemother 2017; 61: e00954-17.

46. Duplessis C, Biswas B, Hanisch B, Perkins M, Henry M, 
Quinones J, et al. Refractory Pseudomonas bacteremia in a 
2-year-old sterilized by bacteriophage therapy. J Pediatric Infect 
Dis Soc 2018; 7: 253-256.

47. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, 
Narayan D. Phage treatment of an aortic graft infected with 
Pseudomonas aeruginosa. Evol Med Public Health 2018; 2018: 
60-66.

48. Doub JB, Ng VY, Johnson AJ, Slomka M, Fackler J, Horne 
B, et al. Salvage bacteriophage therapy for a chronic MRSA 
prosthetic joint infection. Antibiotics 2020; 9: 241.

49. Corbellino M, Kieffer N, Kutateladze M, Balarjishvili N, 
Leshkasheli L, Askilashvili L, et al. Eradication of a multidrug-
resistant, carbapenemase-producing Klebsiella pneumoniae 
isolate following oral and intra-rectal therapy with a custom 
made, lytic bacteriophage preparation. Clin Infect Dis 2020; 
70: 1998-2001.

50. Mah TFC, O’Toole GA. Mechanisms of biofilm resistance to 
antimicrobial agents. Trends Microbiol 2001; 9: 34-39. 

51. Al-Ouqaili MTS, Al-Taei SA, Al-Najjar A. Molecular detection 
of medically important carbapenemases genes expressed by 
metallo-β-lactamase producer isolates of Pseudomonas aeruginosa 
and klebsiella pneumoniae. Asian J Pharm 2018; 12: 991. 

52. Nickel JC, Ruseska I, Wright JB, Costerton JW. Tobramycin 
resistance of Pseudomonas aeruginosa cells growing as a biofilm 
on urinary catheter material. Antimicrob Agents Chemother 
1985; 27: 619-624.

53. Hoyle BD, Jass J, Costerton JW. The biofilm glycocalyx as a 
resistance factor. J Antimicrob Chemother 1990; 26: 1-5.

54. Wentland EJ, Stewart PS, Huang CT, McFeters GA. Spatial 
variations in growth rate within Klebsiella pneumoniae colonies 
and biofilm. Biotechnol Prog 1996; 12: 316-321. 

55. Chang C, Yu X, Guo W, Guo C, Guo X, Li Q, et al. 
Bacteriophage-mediated control of biofilm: A promising new 
dawn for the future. Front Microbiol 2022; 13: 825828. 

56. Adnan M, Ali Shah MR, Jamal M, Jalil F, Andleeb S, Nawaz 
MA, et al. Isolation and characterization of bacteriophage to 
control multidrug-resistant Pseudomonas aeruginosa planktonic 
cells and biofilm. Biologicals 2020; 63: 89-96.

57. Grygorcewicz B, Wojciuk B, Roszak M, Łubowska N, 
Blstrokaejczak P, Jursa-Kulesza J, et al. Environmental 
Phage-Based Cocktail and Antibiotic Combination Effects on 
Acinetobacter baumannii Biofilm in a Human Urine Model. 
Microb Drug Resist 2021; 27: 25-35. 

58. Jamal M, Hussain T, Rajanna Das C, Andleeb S. Characterization 
of siphoviridae phage Z and studying its efficacy against 
multidrug-resistant Klebsiella pneumoniae planktonic cells and 
biofilm. J Med Microbiol 2015; 64: 454-462.

59. Gu Y, Xu Y, Xu J, Yu X, Huang X, Liu G, et al. Identification 
of novel bacteriophage vB_EcoP-EG1 with lytic activity against 
planktonic and biofilm forms of uropathogenic Escherichia 
coli. Appl Microbiol Biotechnol 2019; 103: 315-326. 

60. Rizzo NN, Pottker ES, Webber B, Borges KA, Duarte SC, 
Levandowski R, et al. Effect of two lytic bacteriophages against 
multidrug-resistant and biofilm-forming Salmonella gallinarum 
from poultry. Br Poult Sci 2020; 61: 640-645. 

61. Cha Y, Chun J, Son B, Ryu S. Characterization and genome 
analysis of Staphylococcus aureus podovirus CSA13 and its 
anti-biofilm capacity. Viruses 2019; 11: 54.

62. Jamal M, Andleeb S, Jalil F, Imran M, Nawaz MA, Hussain T, et 
al. Isolation, characterization and efficacy of phage MJ2 against 
biofilm forming multi-drug resistant Enterobacter cloacae. 
Folia Microbiol 2019; 64: 101-111.

63. Rakov C, Porat S ben, Alkalay-Oren S, Yerushalmy O, 
Abdalrhman M, Gronovich N, et al. Targeting biofilm of 
MDR Providencia stuartii by phages using a catheter model. 
Antibiotics 2021; 10: 375.

64. Wu Y, Wang R, Xu M, Liu Y, Zhu X, Qiu J, et al. A novel 
polysaccharide depolymerase encoded by the phage 
sh-kp152226 confers specific activity against multidrug-
resistant Klebsiella pneumoniae via biofilm degradation. Front 
Microbiol 2019; 10: 2768.

65. Wintachai P, Surachat K, Singkhamanan K. Isolation and 
characterization of a novel autographiviridae phage and its 
combined effect with tigecycline in controlling multidrug-
resistant acinetobacter baumannii-associated skin and soft tissue 
infections. Viruses 2022; 14: 194.

66. Abedon ST, García P, Mullany P, Aminov R. Editorial: Phage 
therapy: Past, present and future. Front Microbiol 2017; 8: 981.

67. Caflisch KM, Suh GA, Patel R. Biological challenges of phage 
therapy and proposed solutions: A literature review. Expert Rev 
Anti Infect Ther 2019; 17: 1011-1041.

68. Kon K, Rai M. The Potential Use of Bacteriophage Therapy 
as a Treatment Option in a Post-Antibiotic Era. In: Antibiotic 
Resistance Mechanisms and New Antimicrobial Approaches. 
Elsevier 2016. 

69. Le S, Yao X, Lu S, Tan Y, Rao X, Li M, et al. Chromosomal 
DNA deletion confers phage resistance to Pseudomonas 
aeruginosa. Sci Rep. 2014; 4: 4738. 

70. Clokie MRJ, Millard AD, Letarov AV, Heaphy S. Phages in 
nature. Bacteriophage 2011; 1: 31-45.

https://pubmed.ncbi.nlm.nih.gov/25879036/#article-details
https://pubmed.ncbi.nlm.nih.gov/25879036/#article-details
https://pubmed.ncbi.nlm.nih.gov/25879036/#article-details
https://pubmed.ncbi.nlm.nih.gov/25879036/#article-details
https://pubmed.ncbi.nlm.nih.gov/30763536/#article-details
https://pubmed.ncbi.nlm.nih.gov/30763536/#article-details
https://pubmed.ncbi.nlm.nih.gov/30763536/#article-details
https://pubmed.ncbi.nlm.nih.gov/29687015/#article-details
https://pubmed.ncbi.nlm.nih.gov/29687015/#article-details
https://pubmed.ncbi.nlm.nih.gov/29687015/#article-details
https://pubmed.ncbi.nlm.nih.gov/29687015/#article-details
https://pubmed.ncbi.nlm.nih.gov/21737541/#article-details
https://pubmed.ncbi.nlm.nih.gov/21737541/#article-details
https://pubmed.ncbi.nlm.nih.gov/21737541/#article-details
https://pubmed.ncbi.nlm.nih.gov/21737541/#article-details
https://pubmed.ncbi.nlm.nih.gov/30131795/#article-details
https://pubmed.ncbi.nlm.nih.gov/30131795/#article-details
https://pubmed.ncbi.nlm.nih.gov/30131795/#article-details
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6557439/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6557439/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6557439/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6557439/
https://pubmed.ncbi.nlm.nih.gov/31219531/#article-details
https://pubmed.ncbi.nlm.nih.gov/31219531/#article-details
https://pubmed.ncbi.nlm.nih.gov/31219531/#article-details
https://pubmed.ncbi.nlm.nih.gov/31219531/#article-details
https://pubmed.ncbi.nlm.nih.gov/28807909/#article-details
https://pubmed.ncbi.nlm.nih.gov/28807909/#article-details
https://pubmed.ncbi.nlm.nih.gov/28807909/#article-details
https://pubmed.ncbi.nlm.nih.gov/28807909/#article-details
https://pubmed.ncbi.nlm.nih.gov/28807909/#article-details
https://pubmed.ncbi.nlm.nih.gov/28992111/#article-details
https://pubmed.ncbi.nlm.nih.gov/28992111/#article-details
https://pubmed.ncbi.nlm.nih.gov/28992111/#article-details
https://pubmed.ncbi.nlm.nih.gov/28992111/#article-details
https://pubmed.ncbi.nlm.nih.gov/29588855/#article-details
https://pubmed.ncbi.nlm.nih.gov/29588855/#article-details
https://pubmed.ncbi.nlm.nih.gov/29588855/#article-details
https://pubmed.ncbi.nlm.nih.gov/29588855/#article-details
https://pubmed.ncbi.nlm.nih.gov/32397354/#article-details
https://pubmed.ncbi.nlm.nih.gov/32397354/#article-details
https://pubmed.ncbi.nlm.nih.gov/32397354/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/31414123/#article-details
https://pubmed.ncbi.nlm.nih.gov/11166241/#article-details
https://pubmed.ncbi.nlm.nih.gov/11166241/#article-details
https://www.researchgate.net/publication/328784905_Molecular_Detection_of_Medically_Important_Carbapenemases_Genes_Expressed_by_Metallo-b-lactamase_Producer_Isolates_of_Pseudomonas_aeruginosa_and_Klebsiella_pneumoniae
https://www.researchgate.net/publication/328784905_Molecular_Detection_of_Medically_Important_Carbapenemases_Genes_Expressed_by_Metallo-b-lactamase_Producer_Isolates_of_Pseudomonas_aeruginosa_and_Klebsiella_pneumoniae
https://www.researchgate.net/publication/328784905_Molecular_Detection_of_Medically_Important_Carbapenemases_Genes_Expressed_by_Metallo-b-lactamase_Producer_Isolates_of_Pseudomonas_aeruginosa_and_Klebsiella_pneumoniae
https://www.researchgate.net/publication/328784905_Molecular_Detection_of_Medically_Important_Carbapenemases_Genes_Expressed_by_Metallo-b-lactamase_Producer_Isolates_of_Pseudomonas_aeruginosa_and_Klebsiella_pneumoniae
https://pubmed.ncbi.nlm.nih.gov/3923925/#article-details
https://pubmed.ncbi.nlm.nih.gov/3923925/#article-details
https://pubmed.ncbi.nlm.nih.gov/3923925/#article-details
https://pubmed.ncbi.nlm.nih.gov/3923925/#article-details
https://pubmed.ncbi.nlm.nih.gov/2211430/#article-details
https://pubmed.ncbi.nlm.nih.gov/2211430/#article-details
https://pubmed.ncbi.nlm.nih.gov/8652119/#article-details
https://pubmed.ncbi.nlm.nih.gov/8652119/#article-details
https://pubmed.ncbi.nlm.nih.gov/8652119/#article-details
https://pubmed.ncbi.nlm.nih.gov/35495689/#article-details
https://pubmed.ncbi.nlm.nih.gov/35495689/#article-details
https://pubmed.ncbi.nlm.nih.gov/35495689/#article-details
https://pubmed.ncbi.nlm.nih.gov/31685418/#article-details
https://pubmed.ncbi.nlm.nih.gov/31685418/#article-details
https://pubmed.ncbi.nlm.nih.gov/31685418/#article-details
https://pubmed.ncbi.nlm.nih.gov/31685418/#article-details
https://pubmed.ncbi.nlm.nih.gov/32543337/#:~:text=A%20cocktail%20composed%20of%20the,from%2056%25%20to%2084%25.
https://pubmed.ncbi.nlm.nih.gov/32543337/#:~:text=A%20cocktail%20composed%20of%20the,from%2056%25%20to%2084%25.
https://pubmed.ncbi.nlm.nih.gov/32543337/#:~:text=A%20cocktail%20composed%20of%20the,from%2056%25%20to%2084%25.
https://pubmed.ncbi.nlm.nih.gov/32543337/#:~:text=A%20cocktail%20composed%20of%20the,from%2056%25%20to%2084%25.
https://pubmed.ncbi.nlm.nih.gov/32543337/#:~:text=A%20cocktail%20composed%20of%20the,from%2056%25%20to%2084%25.
https://pubmed.ncbi.nlm.nih.gov/25681321/#article-details
https://pubmed.ncbi.nlm.nih.gov/25681321/#article-details
https://pubmed.ncbi.nlm.nih.gov/25681321/#article-details
https://pubmed.ncbi.nlm.nih.gov/25681321/#article-details
https://pubmed.ncbi.nlm.nih.gov/30397766/#article-details
https://pubmed.ncbi.nlm.nih.gov/30397766/#article-details
https://pubmed.ncbi.nlm.nih.gov/30397766/#article-details
https://pubmed.ncbi.nlm.nih.gov/30397766/#article-details
https://pubmed.ncbi.nlm.nih.gov/32901508/#article-details
https://pubmed.ncbi.nlm.nih.gov/32901508/#article-details
https://pubmed.ncbi.nlm.nih.gov/32901508/#article-details
https://pubmed.ncbi.nlm.nih.gov/32901508/#article-details
https://pubmed.ncbi.nlm.nih.gov/30642091/#article-details
https://pubmed.ncbi.nlm.nih.gov/30642091/#article-details
https://pubmed.ncbi.nlm.nih.gov/30642091/#article-details
https://pubmed.ncbi.nlm.nih.gov/30090964/#article-details
https://pubmed.ncbi.nlm.nih.gov/30090964/#article-details
https://pubmed.ncbi.nlm.nih.gov/30090964/#article-details
https://pubmed.ncbi.nlm.nih.gov/30090964/#article-details
https://pubmed.ncbi.nlm.nih.gov/33918377/#article-details
https://pubmed.ncbi.nlm.nih.gov/33918377/#article-details
https://pubmed.ncbi.nlm.nih.gov/33918377/#article-details
https://pubmed.ncbi.nlm.nih.gov/33918377/#article-details
https://pubmed.ncbi.nlm.nih.gov/31849905/#article-details
https://pubmed.ncbi.nlm.nih.gov/31849905/#article-details
https://pubmed.ncbi.nlm.nih.gov/31849905/#article-details
https://pubmed.ncbi.nlm.nih.gov/31849905/#article-details
https://pubmed.ncbi.nlm.nih.gov/31849905/#article-details
https://pubmed.ncbi.nlm.nih.gov/35215788/#article-details
https://pubmed.ncbi.nlm.nih.gov/35215788/#article-details
https://pubmed.ncbi.nlm.nih.gov/35215788/#article-details
https://pubmed.ncbi.nlm.nih.gov/35215788/#article-details
https://pubmed.ncbi.nlm.nih.gov/35215788/#article-details
https://pubmed.ncbi.nlm.nih.gov/28663740/#article-details
https://pubmed.ncbi.nlm.nih.gov/28663740/#article-details
https://pubmed.ncbi.nlm.nih.gov/31735090/#article-details
https://pubmed.ncbi.nlm.nih.gov/31735090/#article-details
https://pubmed.ncbi.nlm.nih.gov/31735090/#article-details
https://www.sciencedirect.com/book/9780128036426/antibiotic-resistance#:~:text=Description-,Antibiotic%20Resistance%3A%20Mechanisms%20and%20New%20Antimicrobial%20Approaches%20discusses%20up%2Dto,algae%2C%20insect%2Dderived%20products%2C
https://www.sciencedirect.com/book/9780128036426/antibiotic-resistance#:~:text=Description-,Antibiotic%20Resistance%3A%20Mechanisms%20and%20New%20Antimicrobial%20Approaches%20discusses%20up%2Dto,algae%2C%20insect%2Dderived%20products%2C
https://www.sciencedirect.com/book/9780128036426/antibiotic-resistance#:~:text=Description-,Antibiotic%20Resistance%3A%20Mechanisms%20and%20New%20Antimicrobial%20Approaches%20discusses%20up%2Dto,algae%2C%20insect%2Dderived%20products%2C
https://www.sciencedirect.com/book/9780128036426/antibiotic-resistance#:~:text=Description-,Antibiotic%20Resistance%3A%20Mechanisms%20and%20New%20Antimicrobial%20Approaches%20discusses%20up%2Dto,algae%2C%20insect%2Dderived%20products%2C
https://pubmed.ncbi.nlm.nih.gov/24770387/#article-details
https://pubmed.ncbi.nlm.nih.gov/24770387/#article-details
https://pubmed.ncbi.nlm.nih.gov/24770387/#article-details
https://pubmed.ncbi.nlm.nih.gov/21687533/#article-details
https://pubmed.ncbi.nlm.nih.gov/21687533/#article-details

