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Abstract 

Multi-Drug Resistant (MDR) Pseudomonas aeruginosa is one of the most important bacterial pathogens that causes 
infection with a high mortality rate due to resistance to different antibiotics. This bacterium prompts extensive tissue 
damage with varying factors of virulence, and its biofilm production causes chronic and antibiotic-resistant infec-
tions. Therefore, due to the non-applicability of antibiotics for the destruction of P. aeruginosa biofilm, alternative 
approaches have been considered by researchers, and phage therapy is one of these new therapeutic solutions. 
Bacteriophages can be used to eradicate P. aeruginosa biofilm by destroying the extracellular matrix, increasing the 
permeability of antibiotics into the inner layer of biofilm, and inhibiting its formation by stopping the quorum-sensing 
activity. Furthermore, the combined use of bacteriophages and other compounds with anti-biofilm properties such 
as nanoparticles, enzymes, and natural products can be of more interest because they invade the biofilm by various 
mechanisms and can be more effective than the one used alone. On the other hand, the use of bacteriophages for 
biofilm destruction has some limitations such as limited host range, high-density biofilm, sub-populate phage resist-
ance in biofilm, and inhibition of phage infection via quorum sensing in biofilm. Therefore, in this review, we specifi-
cally discuss the use of phage therapy for inhibition of P. aeruginosa biofilm in clinical and in vitro studies to identify 
different aspects of this treatment for broader use.
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Introduction
Pseudomonas aeruginosa is a Gram-negative bacillus and 
one of the main opportunistic pathogens that have a lead-
ing role in nosocomial, acute, and chronic infections [1]. 
Infection with this pathogen leads to diseases with a high 
mortality rate in patients diagnosed with cystic fibrosis, 
cancer, severe burns, and immunocompromised patients 
[2, 3]. This bacterium can survive on water, different sur-
faces, and medical devices by using its influential bind-
ing factors such as flagella, pili, and biofilms. Thus, P. 

aeruginosa is abundant in natural and artificial environ-
ments, lakes, hospitals, and household sink drains [4].

Due to the widespread role of this bacterium in caus-
ing various infections and increasing antibiotic resist-
ance, recently, the treatment failure has become a major 
global problem. P. aeruginosa has shown high intrinsic 
resistance to a range of antibiotics, including beta-lac-
tams, fluoroquinolones, and aminoglycosides, which 
results in significant morbidity and mortality rates [5, 
6]. According to U.S. Centers for Disease Control and 
Prevention report, it is estimated that approximately 
51,000 healthcare-associated infections caused by P. aer-
uginosa occur in the United States each year, and 13% 
of these infections are multidrug-resistant (MDR), with 
roughly 400 deaths per year attributed to such infec-
tions [7, 8]. The main mechanisms of these resistances 
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are low antibiotic permeability of the outer membrane, 
chromosomally encoded AmpC, and drug efflux via 
multi-drug efflux (Mex) systems [9]. In addition to intrin-
sic resistance, P. aeruginosa has different mechanisms 
for resistance to various antibiotics, such as horizontal 
gene transfer and mutation-driven resistance [6, 10, 11]. 
Mobile genetic elements such as transposons, resistance 
islands, prophages, integrons, and plasmids can accom-
modate antibiotic resistance genes and transmit them 
to P. aeruginosa, causing MDR bacteria. For example, 
aminoglycoside-modifying enzymes are transported to 
P. aeruginosa via mobile genetic elements and reduce the 
binding affinity of the antibiotic to its target site, which is 
the 30S ribosomal subunit. Therefore, it causes resistance 
to aminoglycosides [12]. Furthermore, the random muta-
tion frequency differs between antibiotics with resistance 
frequencies ranging from 106 to 109 for individual anti-
biotics. The rate of mutation can increase in some situa-
tions, such as the presence of DNA-damaging agents or 
within growth in a biofilm [6].

Pseudomonas aeruginosa can bind to various sur-
faces and form biofilms leading to chronic infections by 
increasing resistance to antibiotics, disinfectants, vari-
ous irradiation treatments, environmental conditions, 
and the immune system [3, 13, 14]. Bacterial biofilm was 
introduced, for the first time, in 1987 as a community of 
microorganisms capable of binding to surfaces and form-
ing an exopolysaccharide and extracellular matrix [15]. 
Biofilms are approximately 10 to 1000 times more resist-
ant to antibiotics than planktonic cells due to the lack 
of antibiotic penetration into the complex polysaccha-
ride matrix (glycocalyx) of biofilms [16, 17]. Thus, bio-
films and the inherent and acquired antibiotic resistance 
mechanism of P. aeruginosa have increased the preva-
lence of MDR strains in recent years with virtually no 
fully effective antibiotics available to stop this bacterium.

So, researchers are looking for new ways to inhibit P. 
aeruginosa biofilms. Phage  therapy is one of the impor-
tant methods to inhibit P. aeruginosa biofilm [18]. Bac-
teriophages are viruses that invade bacteria; they were 
discovered almost a century ago and are divided into two 
lytic (virulent phages) and temperate categories depend-
ing on their life cycle [19, 20]. After attaching to their 
host, the lytic phages inject their genetic materials into 
the host chromosome and replicate along with the host 
cell DNA, then disperse via the host lysis to repeat the 
infection cycle for other hosts. Of note, obligately lytic 
bacteriophages are often a matter of interest for thera-
peutic purposes because they lead to the killing of their 
bacterial host cell rapidly [21]. On the other hand, tem-
perate phages generally integrate their genome into the 
host chromosome or sometimes keep it as a plasmid, 
which is transmitted to the daughter cells by cell division 

[21, 22]. Using antibiotics has always been a good solu-
tion for the treatment of bacterial infections due to their 
inexpensive cost and extreme effectiveness on various 
bacterial agents. After World War II, the widespread 
effective use of antibiotics diminished the interest of dif-
ferent societies in using bacteriophages [23, 24]. Nev-
ertheless, over the years, for various reasons such as 
overuse and misuse of broad-spectrum antibiotics, bac-
terial resistance to the existing antibiotics increased, and 
MDR strains dramatically expanded worldwide. This sit-
uation forced scientists to think about reusing bacterio-
phages instead of antibiotics to treat bacterial infections 
[25, 26].

Bacteriophages that specifically target Pseudomonas 
genus were first discovered in the middle of the twentieth 
century, and due to the great role of this microorganism 
in nosocomial infections and high antibiotic resistance, 
using bacteriophages to inhibit P. aeruginosa has been 
highly regarded [27, 28]. The use of two or more bacte-
riophage mixtures with different host ranges in a single 
suspension as a bacteriophage cocktail is usually more 
effective for inhibiting bacterial infections [29, 30]. Bac-
teriophage cocktail causes better reduction of bacterial 
density and improve bacteriophages’ efficiency, and also 
in  vitro studies have shown that bacteriophage cock-
tail result in a higher reduction in P. aeruginosa infec-
tions [31]. Bacteriophage cocktails can easily penetrate 
the P. aeruginosa biofilm and destroy its structure by 
inducing the synthesis of enzymes such as polysaccha-
ride depolymerase [32]. Polysaccharide depolymerase, 
a polysaccharide hydrolase encoded by bacteriophages, 
can specifically degrade the macromolecule carbohy-
drates of the host bacterial envelope. This enzyme helps 
the bacteriophage to adsorb, invade, and disintegrate the 
host bacteria [33]. Furthermore, bacteriophages generate 
peptidoglycan hydrolases enzymes, called Endolysins, at 
the end of the lytic cycle. They decompose peptidogly-
can from the inside and assist in forming new progeny 
phages to release from the cell [34]. Endolysins are always 
proposed as antibacterial agents because of their high 
specific activity and unique mode of action against bac-
teria. The activity of Endolysins is independent of anti-
biotic susceptibility patterns [35, 36]. It should be noted 
that bacteriophages have advantages over antibiotics to 
inhibit infections caused by bacterial biofilms. For exam-
ple, bacteriophages penetrate the inner layer of the bio-
film, unlike antibiotics that affect bacteria at the surface. 
Furthermore, bacteriophages are capable of infecting 
persister cells and destroying them if they are reactivated. 
They can also dissolve the biofilm matrix by producing 
an enzyme or induce enzyme production by the bacte-
rial host [37–39]. Another mechanism of biofilm inhibi-
tion by bacteriophages is the production of enzymes that 
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inhibit biofilm production. One study reported that bac-
teriophages can inducing synthesis of quorum quenching 
(QQ) lactonase by genetic modification, which inhibits 
biofilm formation in P. aeruginosa by hydrolysis of Acyl 
homoserine lactones (AHL) and inhibition of quorum-
sensing (QS) activity [40].

Therefore, regarding the determinant role of P. aerugi-
nosa biofilm in the development of antibiotic resistance 
and chronic infections, finding new strategies as a treat-
ment for its inhibition is essential. In this review, we will 
specifically discuss the role of bacteriophages in the inhi-
bition and destruction of P. aeruginosa biofilm to identify 
various aspects of phage therapy in this field and facili-
tate its possible widespread use in clinical practice.

Phage therapy for inhibition of MDR P. aeruginosa 
biofilm: in vitro studies
Many studies have indicated that bacteriophages are one 
of the most promising weapons for the elimination of 
in vitro P. aeruginosa biofilms; for example, Adnan et al. 
used bacteriophage M-1 that was isolated from waste-
water to remove biofilms caused by MDR isolates of P. 
aeruginosa. The results showed that the bacteriophage 
MA-1 reduced the growth rate of P. aeruginosa and 
decreased biofilms after 6 h of treatment. An important 
point discussed in this study was that bacteriophage can 
degrade alginate polymers through enzymatic activities, 
and even it can destroy the 20-day biofilm formed by P. 
aeruginosa. Phage can also destroy biofilms indirectly by 
killing bacteria before attaching, or after colonizing the 
surface [41]. Another study examined the effect of PB1-
like, phiKZ-like, and LUZ24-like phages against MDR P. 
aeruginosa under variable growth conditions; the results 
indicated that each phage alone was able to suppress 
planktonic and biofilm form of MDR isolates. The phiKZ-
like viruses were the most potent phages in the suppres-
sion of planktonic form. Besides, LUZ24-like phage was 
the most effective phage to destroy the biofilm of antibi-
otic-resistant isolates. Also, the effect of the cocktail con-
sisting of all three phages was more potent than that of 
each phage alone. Researchers attributed the small size 
of the LUZ24-like phage to its significant effect on bio-
film degradation, while a high volume phiKZ-like phage 
had the least destructive effect on the biofilm. Also, it 
has been suggested that phages may not have an excel-
lent effect on high-density biofilms. However, they can 
prevent further accumulation and diffusion of biofilms by 
reducing migratory bacteria [42].

Fong et  al. used bacteriophages Pa193, Pa204, Pa222, 
and Pa223 to eliminate the biofilm of P. aeruginosa iso-
lated from patients with chronic rhinosinusitis and found 
that a single dose of these phages alone and in cocktail 
significantly decreased the rate of biofilm production 

after 24 and 48  h of treatment. Although single phages 
reduced 53–73% of the biofilms of the isolates, the effi-
cacy of the phage cocktail on the biofilms increased by 
89%. Also, they suggested that using cocktail phages 
increased activity by expanding the host range and pre-
venting the formation of bacteriophage-resistant mutant 
bacteria. Notably, the anti-biofilm activity of a cocktail 
of four phages was not affected by multidrug resistance 
[43]. In 2017, in a study, researchers isolated bacterio-
phage AZ1 and tested its anti-biofilm activity against 
MDR P. aeruginosa. The results confirmed the inhibi-
tory and destructive activity of phage AZ1 against P. 
aeruginosa in planktonic and biofilm cells. Researchers 
suggested that the mechanism of natural phages was to 
penetrate the biofilm; however, complete eradication 
may require a combination of phages.[44]. The results of 
another study on a new phage endolysin, LysPA26, which 
was tested against planktonic form and P. aeruginosa bio-
film, showed that the phages had a significant effect on a 
wide range of MDR Gram-negative bacteria (Acinetobac-
ter baumannii, Klebsiella pneumoniae, P. aeruginosa, and 
Escherichia coli) on planktonic form and also eliminated 
P. aeruginosa biofilm. Interestingly, the result showed 
that LysPA26 had high antibacterial activity against P. 
aeruginosa isolates by influencing the outer membrane 
under 100 °C heat treatment. The mechanism of biofilm 
degradation in a concentration-dependent manner by 
LysPA26 is still unclear and needs further studies [45].

Kwiatek et  al. investigated the effects of two bacterio-
phages MAG1 and MAG4, and their capability to con-
trol carbapenem-resistant P. aeruginosa in planktonic and 
biofilm models. It was found that each phage individu-
ally affected approximately 50% of P. aeruginosa isolates, 
but when they were used as a cocktail, the anti-biofilm 
property was increased to 72.9%. Although MAG4 effec-
tively reduced biofilm shortly after the treatment, MAG1 
affected biofilm after a more extended period. This study 
also reported that bacteriophages can utilize three differ-
ent mechanisms for the eradication of biofilms, including 
lysis biofilm-forming bacteria by typical phage infection 
(lysis from within), production of extracellular polymeric 
substance (EPS) depolymerase, and "lysis from without" 
that does not need for phage gene expression after absorp-
tion. It was also suggested that YefM antitoxin of the bacte-
rial toxin-antitoxin system as a MAG1-encoded homolog 
might increase the effectiveness of MAG1 over MAG4 
[46]. In another experimental study, it was reported that 
ФKMV, ФPA2, ФPaer4, and ФE2005 phages, either indi-
vidually or as a cocktail, were capable of destroying biofilm 
of MDR P. aeruginosa isolates in a dose-dependent man-
ner in 24-h assays. In this study, the phage cocktail was not 
active against two isolates after biofilm formation because 
of the high production of alginate that its accumulation 
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inhibits phage anti-biofilm activity during 24 h. However, 
in the conditions with pre-existing biofilm formation, the 
phages affected these two resistant isolates and eliminated 
the alginate, which was produced immediately after infec-
tion [47]. In another study, the effects of bacteriophages 
vB-Pa4 and vB-Pa5 on the formation and development 
of MDR P. aeruginosa biofilms were investigated, and the 
results suggested that bacteriophages almost prevented 
biofilm formation and also pre-formed biofilms were par-
tially destroyed by phage. Ahiwale et al., in an in vitro study, 
investigated the management of biofilm produced by anti-
biotics resistant P. aeruginosa using native BVPaP-3 phage. 
It was found that T7-like lytic phage (BVPaP-3) could 
inhibit the biofilm formation (three logs) of hospital iso-
lates of P. aeruginosa. Also, it was able to disperse pre-made 
biofilms of all isolates after 24 h [48]. Furthermore, bacteri-
ophage PA1Ø was tested against P. aeruginosa biofilm, and 
it was found that the bacteriophage had lytic properties and 
required bacterial type IV pili to infect P. aeruginosa iso-
lates. Phage PA1Ø had bactericidal activity against a wide 
range of bacteria (both Gram-positive and Gram-negative), 
and it was able to eradicate biofilm. This phage can also 
be introduced as an antimicrobial agent for the treatment 
of biofilm-associated mixed infections of Staphylococcus 
aureus and P. aeruginosa. Due to the probable production 
of lytic phage enzymes, the mechanism of phage antibac-
terial action against Gram-positive bacteria may be differ-
ent from that of P. aeruginosa. For example, endolysin can 
degrade the cell wall of Gram-positive bacteria by destroy-
ing peptidoglycan [49].

Based on the above studies, it can be concluded that the 
identification of new phages can be an excellent alternative 
to antimicrobial agents for the treatment of MDR P. aerugi-
nosa biofilm and may even eradicate the infections caused by 
MDR P. aeruginosa mixed with bacteria in vitro. The results 
of in vitro investigations can help to increase the application 
of phages against MDR P. aeruginosa nosocomial infections. 
The use of bacteriophage cocktails can increase anti-biofilm 
performance and also prevent resistance to bacteriophages. 
Besides, the production of large amounts of alginate or 
mature biofilms can inhibit the function of phages, so they 
should be investigated further in future studies. It should be 
noted that, due to the very high importance of MDR strains, 
in this section, we have discussed bacteria with high antibi-
otic resistance; also, in Table 1, a complete list of studies that 
have applied bacteriophages to inhibit other P. aeruginosa 
species biofilm is presented.

Phage therapy for inhibition of MDR P. aeruginosa 
biofilm: in vivo studies
Various studies have shown advances in using phages 
against MDR P. aeruginosa, which cause chronic otitis 
media, cystic fibrosis, and burn wounds; however, these 

studies are limited to pre-clinical evaluations [62–64]. It 
should be noted that applying phages as antimicrobial 
agents for the control of pathogens is not a new approach, 
and it has been used since the phage was discovered. For 
example, it was used in Eastern Europe and the former 
Soviet Union for a long time, and even today, phages are 
used in Georgia to treat some infections [65]. Various 
studies have been conducted on the use of phages in ani-
mal models to evaluate the safety and efficacy of phages 
to counteract both major Gram-positive and Gram-neg-
ative clinical pathogens. Among these, P. aeruginosa was 
particularly important due to its high antibiotic resist-
ance, high mortality, and high production of extensive 
biofilms in nosocomial infections. Jeon et  al. evaluated 
two novel bacteriophages BФ-R656 and BФ-R1836 in the 
survival of acute pneumonia mouse models infected with 
extensively drug-resistant (XDR) P. aeruginosa in vitro, in 
silico, and in  vivo. Both phages exhibited potent inhibi-
tory activity and lysed XDR P. aeruginosa strains isolated 
from pneumonia patients. Furthermore, researchers 
developed two models of in  vivo infection. The results 
demonstrated that BФ-R656 and BФ-R1836 eliminated 
XDR P. aeruginosa strains in Galleria mellonella lar-
vae and acute pneumonia mice models. These phages 
were able to remove the host XDR P. aeruginosa biofilms 
extensively. So, it was suggested that these phages could 
be used as a biocontrol agent not only to inhibit biofilm 
formation on medical devices and hospital environments 
but also to eliminate biofilm-associated infections in the 
body [65].

In another study, the phage PELP20 was evaluated to 
counter chronic lung infections with P. aeruginosa in 
a mice model. The results of this study confirmed that 
the phage had antimicrobial activity on P. aeruginosa, 
and the 3-log phage reduced the biofilm. This indicates 
that phage PELP20 can kill the biofilm-related bacteria 
present in the lungs of CF patients [62]. Besides, phage 
ФPan70, a temperate phage, was used to control MDR P. 
aeruginosa infection in planktonic, biofilm, and mouse 
burn models. The significant results showed that the 
phage affected both planktonic and biofilm cells and sig-
nificantly reduced the bacterial population. Interestingly, 
the phage resulted in the survival of the burned mice 
from 80 to 100%. Of note, the reason for the difference 
in the effect of phage on different isolates was that the 
phages were strain-specific, and due to the differences in 
the amount of exopolysaccharide, the effect of phage was 
different on a variety of biofilms. The researchers specu-
lated that phages could inhibit the spread of bacteria into 
the bloodstream, and the phages inoculated in the site of 
infection would confine the high concentration of bac-
teria and enhance the immune response and cutaneous 
mastocytosis [66].
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Alemayehu et  al. tested the effects of two bacterio-
phages (ФMR299-2 and ФNH-4) to counteract P. aer-
uginosa biofilm in murine lungs; they demonstrated 
that these two phages killed all clinical isolates (mucoid 
and non-mucoid isolates). The phage cocktail was effec-
tive in killing mucoid and non-mucoid strains growing 
in the cystic fibrosis bronchial epithelial CFBE41o-cell 
line. Also, the phage cocktail showed a lethal effect on 
P. aeruginosa in murine lungs, and this bacterium was 
effectively cleared from the lungs after six hours. They 
explained that the phages had to penetrate the biofilm 
exopolysaccharide to be effective; this required a longer 
time (22 to 24 h) for the phage to be exposed to the bio-
film and clear P. aeruginosa from infected rat lungs. Also, 
it has been suggested that the use of diverse phages usu-
ally results in the occupation of different bacterial recep-
tors; thus, it requires independent mutations to generate 
phage resistance. As a result, using different phages in 
one combination can control the bacterial population if 
there is no resistance [67]. In 2018, the effect of the cock-
tail containing six different phages (PYO2, DEV, E215, 
E217, PAK_P1, and PAK_P4) on the reduction of P. aer-
uginosa biofilm formed in acute respiratory infection 
model in mice and bacteremia in wax moth (Galleria mel-
lonella) larvae was studied. The results showed that these 
phages alone could lyse P. aeruginosa in both planktonic 
and biofilm forms. The phage cocktail was also found to 
be effective on MDR and mucoid phenotype of P. aerugi-
nosa isolates. This cocktail was superior to the individual 
phages in destroying biofilms, and it decreased treatment 
time in mice. Researchers noted that the phage cocktail 
reduced different degrees of biofilms; it was able to enter 
the biofilm, destroy its biomass, and reach the bacteria 
embedded inside [68]. Another study was performed to 
evaluate the effect of bacteriophages on MDR P. aerugi-
nosa biofilm in a mouse wound model. The results exhib-
ited that the phage cocktail had an inhibitory effect on 
the biofilm created in mouse wounds, and the count of 
bacteria was decreased after treatment [69].

Overall, bacteriophages alone and in combination 
together effectively control XDR and MDR P. aeruginosa 
infections in planktonic and biofilms forms in the ani-
mal models. Therefore, human infections that are asso-
ciated with the P. aeruginosa biofilm, particularly XDR 
and MDR infections, such as lung and wound infections, 
are associated with therapeutic problems, and they can 
be the potential future targets of phage therapy. As the 
results of the in  vitro studies show, the use of bacterio-
phage cocktails in animal models have shown better per-
formance, so it is recommended that it be used more in 
future studies. Table  2 summarizes some of the studies 
that used bacteriophages to destroy biofilms of the most 
important bacterial pathogens. Infection caused by the 

biofilm of these bacteria, along with the P. aeruginosa 
biofilm, is one of the most important causes of chronic 
and MDR infections.

Use of combination therapy of antibiotics 
and bacteriophages to inhibit P. aeruginosa biofilm
Applying a combination of different substances with anti-
biotics to increase their effectiveness on MDR bacteria 
has received much attention [88]. Furthermore, combi-
nation therapy can also be useful in destroying biofilms 
[89, 90]. Therefore, using various compounds, which are 
capable of destroying the EPS and increasing the permea-
bility of the biofilm, can boost the antibiotic function, and 
previous studies have reported that bacteriophages can 
also enhance antibiotic performance on biofilms. Tamta 
and his colleagues reported that the use of bacterio-
phages and antibiotics helped inhibit MDR P. aeruginosa 
biofilm in a patient with diabetes mellitus type 2 who was 
also diagnosed with relapsing right knee periprosthetic 
joint infection and chronic osteomyelitis. In this patient, 
bacteriophage was administered locally during surgery, 
and a bacteriophage solution was applied every 8  h for 
five days. The results of isothermal microcalorimetry 
showed that bacteriophages can help destroy biofilm, 
and pretreatment of P. aeruginosa biofilm with phages, 
eight hours before colistin exposure, demonstrated the 
most substantial reduction of biofilm biomass. In this 
presented case, the combined use of phage, surgery, and 
conventional antibiotics eradicated the infection, and no 
phage side effects were observed. However, surgery and 
antibiotic treatment alone was not sufficient and led to 
numerous therapeutic failures [91].

In another study, a combination of bacteriophage vB_
PaM_EPA1 and antibiotics that were selected based on 
their mechanism of action was used to destroy the biofilm 
of P. aeruginosa [92]. Using bacteriophages and antibiot-
ics alone showed a modest effect on biofilm destruction, 
but a profound improvement in the killing was observed 
when applied simultaneously or sequentially. Notably, 
increasing the concentration of antibiotics when used in 
combination with bacteriophages did not have a more 
significant inhibitory effect on the biofilm. This can be 
related to phage replication inhibition phenomena that 
protein and DNA synthesis inhibition antibiotics, which 
results in the suppression of bacteriophages [92–94]. Fur-
thermore, the highest inhibitory effect on biofilm was 
observed when antibiotics were added sequentially after 
phage treatment. So, combined treatments with sequen-
tial application of phage and antibiotics (Fig.  1) have a 
better killing effect than the concurrent application. No 
depolymerase was detected in the bacteriophages used 
in this study. Therefore, it seems that vB_PaM_EPA1 
reaches the bottom layers of the biofilm through the 
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Table 2  Some studies using phage therapy to inhibit the biofilm of the most important bacterial pathogens

Biofilm forming
bacteria

Bacterial Properties Phage Outcome References

Acinetobacter baumannii XDR A. baumannii Phage AB1801 This phage inhibited biofilm forma-
tion and reduced preformed bio-
films in a dose-dependent manner

[70]

MDR A. baumannii Phage lysin PlyF307 Treatment with PlyF307 was able 
to significantly reduce planktonic 
and biofilm of A. baumannii, both 
in vitro and in vivo

[71]

A. baumannii strain AIIMS 7 Lytic bacteriophageAB7-IBB1 The phage affected A. bauman-
nii biofilm formation on an abiotic 
(polystyrene) and biotic (human 
embryonic kidney 293 cell line) 
surface

[72]

Clinical isolate of A. baumannii strain 
AIIMS 7

Phage AB7-IBB2 The phage could inhibit A. bauman-
nii biofilm formation and disrupt 
preformed biofilm as well

[73]

Klebsiella pneumoniae P DR K. pneumonia UA168 The phage KP168 After 48 h of co-cultivation of this 
phage and the host bacteria at each 
MOI, the inhibition rates of bio-
film were similar, with an average of 
about 45%

[74]

MDR K. pneumonia Depolymerase Encoded by
Bacteriophage SH-KP152226

This enzyme showed specific enzy-
matic activities in the depolymeriza-
tion of the K. pneumoniae capsule 
and was able to significantly 
inhibit biofilm formation and/or 
degrade formed biofilms

[75]

An environmental isolate of K. pneu-
moniae ShA2 strain

TSK1 bacteriophage Post-treatment with TSK1 against 
different age K. pneumoniae biofilms 
reduced 85–100% biofilm biomass. 
Pre-treatment of TSK1 bacte-
riophage against the biofilm of K. 
pneumoniae reduced > 99% biomass 
in the initial 24 h of incubation

[76]

MDR K. pneumoniae KP/01 Bacteriophage ZCKP1 This phage reduced bacterial counts 
and biofilm biomass (> 50%) when 
applied at a high multiplicity of 
infection (50 PFU/CFU)

[77]

A clinical strain of K. pneumoniae Bacteriophage Z Phage Z reduced biofilm biomass 
twofold and threefold after 24 and 
48 h, respectively

[78]

Staphylococcus aureus MRSA UPMK_1 and UPMK_2 phages Both bacteriophages were able to 
destroy biofilms using their lytic 
enzymes

[79]

MRSA and MSSA Bacteriophage CSA13 This bacteriophage removed over 
78% and 93% of MSSA and MRSA 
biofilms in an experimental setting, 
respectively

[80]

MRSA ATCC 43,300 Bacteriophage Sb-1 This phage showed a synergistic 
effect with antibiotics on eradicat-
ing MRSA biofilm, direct killing 
activity on ≈ 5 × 105 CFU/mL 
persisters cells, and degraded MRSA 
polysaccharide matrix

[81]
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biofilm void spaces [95], thereby replicates in the deeper-
layer of biofilm, interrupt the structure of the biofilm 
and enhance the performance of the antibiotics [92]. 
In another study, phage PEV20 and ciprofloxacin were 
used to inhibit the biofilm of P. aeruginosa isolated from 
wound and cystic fibrosis patients. The results showed 
that combined antibiotic phage treatment enhanced 
biofilm eradication compared with single ciprofloxacin 
treatment. This phenomenon can be as a result of the low 
penetration of this antibiotic into the biofilm and bacteria 
on the inner layers of biofilm, which show high antibiotic 
resistance due to low metabolic activity. However, when 
bacteriophages reduce the integrity of the extracellular 
matrix, the bacteria in the inner layers of the biofilm are 
exposed to food and oxygen and become metabolically 
active; and this can lead to induction of antimicrobial 
effects of ciprofloxacin and phage [96, 97]. On the other 
hand, some planktonic bacterial cells were highly suscep-
tible to PEV20. However, after biofilm formation, phage 
treatment alone was ineffective, and this may indicate 
that phage monotherapy may lead to resistance to bacte-
riophages and result in a subsequent increase in bacterial 
and biofilm density over time; therefore, using cocktails 
of phages may be helpful in this regard [61]. It should be 

noted that using a combination of bacteriophages and 
tobramycin had no change in the inhibitory effect on the 
bacterial biofilm compared with using tobramycin alone; 
this may indicate the high penetration of fluoroquinolo-
nes into P. aeruginosa biofilm [97].

In a similar study, a combination of bacteriophages 
((ATCC 12,175-B1 (Pa1), ATCC 14,203-B1 (Pa2), and 
ATCC 14,205-B1 (Pa11)) and ciprofloxacin was used to 
destroy the biofilm of different P. aeruginosa isolates. The 
results showed that bacteriophages had a better inhibi-
tory effect on biofilm than antibiotics, and when used in 
combination, they performed better than applying antibi-
otics alone. Using phages before antibiotics have the best 
inhibitory effect on the biofilm because it seems that, in 
the large bacterial population, phages can increase to a 
greater extent than the condition of adding phages after 
antibiotic therapy. Therefore, it seems that the phage 
application should precede antibiotic treatment. Of note, 
it is reported that bacteriophages perform better when 
used in the early stages of biofilm formation, and the 
large colonies seem to provide spatial refuges that protect 
the bacterial host from phage infection, which reduces 
the effect of phage therapy for the treatment of mature 
biofilms [98]. Chaudhry et al. reported that the combined 

MDR, Multi-drug resistant; PDR, Pan-drug resistant; MRSA, Methicillin-resistant S. aureus; MSSA, Methicillin-susceptible S. aureus; VRE, Vancomycin-resistant 
Enterococcus, UPEC: Uropathogenic E. coli

Table 2  (continued)

Biofilm forming
bacteria

Bacterial Properties Phage Outcome References

Escherichia coli E. coli MG1655 and MDR UPEC strain 
390G7

Bacteriophage vB_EcoP-EG1 vB_EcoP-EG1eliminated biofilm of 
these bacteria. The median biofilm 
biomass reduction was about 60% 
and 50% for E. coli MG1655 and for 
clinical isolate 390G7 after 24 h, 
respectively

[82]

E. coli TG1 T3 bacteriophage T3 at lower bacteriophage titers 
(103 PFU/ml) inhibited the produc-
tion of biofilm

[83]

E. coli 30 vB_EcoM-UFV017 (EcoM017) This phage reduced the bacterial 
growth and the quantity of bio-
film formed by E. coli in 90.0% and 
87.5%, respectively

[84]

Enterococcus faecalis E. faecalis clinical strains vB_EfaH_EF1TV This phage infected E. faecalis and 
degraded biofilm formed by this 
bacterium

[85]

VRE E. faecalis Vancomycin-phage EFLK1 This phage, in combination with 
vancomycin, was synergistically 
effective against VRE planktonic 
and biofilm cultures

[86]

E. faecalis and Enterococcus clinical 
isolates

vB_EfaS-Zip and vB_EfaP-Max The cocktail of these phages reduced 
2 and 1 log CFU/mL E. faecalis load 
in biofilms formed in the wound 
after 3 and 6 h of treatment, respec-
tively, and significantly reduced 
cell concentration in dual-species 
biofilm

[87]
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use of bacteriophages and antibiotics that are commonly 
used to treat pseudomonas infection leads to pharmaco-
dynamics synergy and could be useful in destroying the 

P. aeruginosa PA14 biofilm [93]. Antibiotics had only a 
limited effect on the biofilm when used alone. Still, the 
combination of bacteriophage plus ciprofloxacin and 

Fig. 1  Anti-biofilm mechanisms of bacteriophages. a Bacteriophages inhibit biofilm formation by inhibiting quorum sensing and reducing cellular 
communication. b Combined treatments with sequential application of phage and antibiotics have a killing efficacy on P. aeruginosa biofilm. c 
Combined use of bacteriophages with molecules with anti-biofilm properties can help biofilm destruction. d Bacteriophages can penetrate the 
inner layers of the biofilm through the biofilm void spaces without destroying the external matrix and replicate in the deeper-layer of biofilm
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ceftazidime reduced bacterial density below that of the 
best single antibiotic treatment. On the other hand, the 
combination of bacteriophages with gentamicin and 
colistin did not improve the inhibitory effect of antibi-
otics on biofilms. It should be noted that to simulate the 
condition of the patient’s body and its impact on treat-
ment, the P. aeruginosa PA14 was added to the conflu-
ent monolayers of human nasopharyngeal cells, and 
biofilms were formed. All five antibiotics alone inhibited 
the growth of bacteria on these cells, and simultaneous 
treatment with the phage and tobramycin significantly 
increased the efficacy of antibiotics in killing the bacte-
ria. Noteworthy, the results of this study, like previous 
studies, showed that when bacteriophages were admin-
istrated before antibiotics for treating biofilm infections, 
they could have a better effect than simultaneous admin-
istration [93, 99, 100].

Finally, Coulter et  al. used a combination of bacte-
riophage PB-1 and tobramycin to inhibit P. aeruginosa 
PAO1 biofilm. The outcomes of this study showed that 
combination therapy was not more helpful than the 
administration of antibiotics alone, and this may be due 
to the EPS activity that blocks the ability of the phage to 
access their specific receptors. However, the combined 
use of PB-1 and tobramycin resulted in a 60% and 99% 
decrease in tobramycin and phage resistant cell, respec-
tively, compared to the use of tobramycin or phage alone. 
Thus, combined tobramycin-bacteriophage can sig-
nificantly reduce the emergence of antibiotic and phage 
resistant cells; however, the reduction in biomass was 
dependent on the phage-host system [101]. Therefore, 
the results of different studies show that the combined 
use of P. aeruginosa specific bacteriophages and effec-
tive antibiotics on this bacterium can improve antibi-
otic efficacy and reduce antibiotic-resistant bacteria in P. 
aeruginosa biofilm. Although most studies have focused 
on pure bacterial cultures, the presence of polymicro-
bial biofilm infections, such as wound infection, is very 
problematic because these biofilms usually have higher 
antibiotic resistance than monoculture infections [60, 
101, 102]. In this regard, the combined use of bacterio-
phage and antibiotics in future studies for the inhibition 
of mixed cultures should be considered further.

Other combination therapies to increase 
the efficacy of phage therapy on P. aeruginosa 
biofilms
In addition to the combined use of antibiotics and phages, 
recent studies have used other methods to increase the 
efficacy of bacteriophages on P. aeruginosa biofilms. For 
example, James and his colleagues engineered an inject-
able hydrogel capable of encapsulating P. aeruginosa 
(PsAer-9) bacteriophage to treat bone infections caused 

by this bacterium. Bacteriophages (ΦPaer4, ΦPaer14, 
ΦPaer22, ΦW2005A) retained their antimicrobial ability 
after being encapsulated in a hydrogel, and the hydrogel 
formula controlled the rate of release. Bacteriophage-
encapsulating hydrogels effectively lyse P. aeruginosa in 
both planktonic and biofilm phenotypes, in vitro, without 
affecting the metabolic activity of human mesenchymal 
stromal cells. Furthermore, hydrogels containing a com-
bination of P. aeruginosa bacteriophage significantly (4.7 
fold) reduced bacteria counts in the murine radius seg-
mental bone defect in comparison to bacteriophage-free 
hydrogels, and immune responses to bacteriophages were 
not observed. This indicates the low toxicity effect of this 
compound on eukaryotic cells. Notably, in this study, the 
inhibitory role of bacteriophage-encapsulating hydrogels 
as prophylaxis for inhibiting the formation of P. aerugi-
nosa biofilm in bone was demonstrated. In future studies, 
the role of this hydrogel in controlling established infec-
tions should be considered [103]. Another study reported 
that the combination uses of vB_PaeP_PAO1-D bacterio-
phages and chestnut honey could be effective in inhibit-
ing P. aeruginosa PAO1 biofilm and can be a promising 
alternative for topical treatment of wound infection. The 
results showed that honey and bacteriophages, syner-
gically, increase the antimicrobial effect of each other 
because they can destroy biofilms using different mecha-
nisms. In this regard, phages infect and destroy bacteria 
through host-receptor recognition. On the other hand, 
honey, as another antimicrobial agent, induce destruction 
in bacteria by other distinct mechanisms such as oxida-
tive stress, osmotic pressure, acidity, hydrogen peroxi-
dase release, and presence of methylglyoxal (MGO). So, 
honey seems to increase the binding of bacteriophages to 
their specific receptors by destroying the EPS of the bio-
film, and the topical use of phage-honey formulation can 
be useful for the treatment of chronic wounds since bac-
teriophages destroy MDR bacteria and honey accelerates 
the wound healing process [104].

Interestingly, in another study, the combination of bac-
teriophage and chlorine disinfectants was used to destroy 
the biofilm of P. aeruginosa. Chlorine compounds are 
one of the most commonly used disinfectants in hospi-
tals, and their combination with bacteriophage was more 
efficient in reducing P. aeruginosa biofilm formation. 
There were significant differences between combination 
treatments and single treatment. Chlorination treat-
ments were not capable of destroying the pre-existing 
P. aeruginosa biofilms because the EPS produced in the 
biofilm prevents the penetration of chlorine into the bio-
film. Nevertheless, in combination with bacteriophages, 
their efficacy increased and eventually led to cell mem-
brane disruption and cell lysis. Therefore, the combined 
use of bacteriophage and chlorine disinfectants enhances 
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biofilm cell lysis and destruction of P. aeruginosa bio-
film, which can be used as a promising method for the 
destruction of bacterial biofilm [105]. Phage, belong-
ing to the Podoviridae family, inspired gold nanoparti-
cles (AuNPs) were another compound reported to have 
the capability to destroy the P. aeruginosa MTCC 728 
biofilm. In this study, phage lysate was used to synthe-
size nanoparticles, and it exhibited higher antimicrobial 
activity against P. aeruginosa compared to bacterial cell-
mediated AuNPs. Furthermore, phage inspired AuNPs 
inhibited the bacterial biofilm formation on the glass 
surface. AuNPs can inhibit bacterial biofilm due to their 
toxic effects on bacterial cells, and bacteriophages can 
help them perform their inhibitory function on the bio-
film at a lower concentration. Thus, it is reported that 
phage inspired AuNPs synthesis may serve as potential 
therapeutic agents against the biofilm-forming human 
bacterial pathogens [106].

In another study, QQ lactonase (SsoPox-W2631) 
were used to destroy the biofilm of clinical isolates and 
P. aeruginosa and increase the effectiveness of bacterio-
phages and antibiotics on them. The results showed that 
SsoPox-W263 reduces pyocyanin, protease, and elastase 
production in antibiotic and bacteriophage-resistant 
P. aeruginosa strains. Furthermore, this enzyme can 
destroy more than 70% of the biofilms formed in this 
bacterium and increase the effectiveness of bacterio-
phages and antibiotics on P. aeruginosa biofilms [107]. 
Finally, another study reported that xylitol could also 
enhance bacteriophage function for the destruction of 
stable mixed-species biofilm of K. pneumonia and P. aer-
uginosa. Using non-depolymerase producing phage Pa29 
was not capable of destroying P. aeruginosa biofilm due 
to limited penetration in the deeper layer. Nonetheless, 
when Pa29 was used with K. pneumonia specific depoly-
merase producing phage KPO1K2, an enhanced effect 
was observed on the destruction of the mixed-species 
biofilm. Therefore, it was suggested that the capsular 
depolymerase present in Klebsiella-specific bacterio-
phage could increase the permeability of Pa29 due to the 
destruction of the top layer of the biofilm. Furthermore, 
xylitol helped Pa29 to destroy the biofilm of P. aerugi-
nosa. Still, they were ineffective in mixed-species biofilm 
destruction because of the distinct spatial distribution 
pattern adopted by the two organisms in mixed-species 
biofilm. Hence, the combined use of bacteriophages and 
xylitol can effectively inhibit P. aeruginosa biofilm, and 
they can be used as one of the therapeutic strategies 
for tackling chronic infections caused by mixed-species 
bacterial biofilms [108]. Therefore, in addition to the 
combined treatment of bacteriophages and antibiotics, 
which are effective in destroying the P. aeruginosa bio-
film, the simultaneous use of bacteriophages with natural 

substances, nanoparticles, and disinfectants can also 
increase the chances of biofilm destruction of the bac-
terium (Fig.  1); however, further studies are needed to 
confirm this finding. Besides, a combination of various 
natural substances, nanoparticles, and other chemicals, 
which have been reported in recent studies, may have 
anti-biofilm properties along with bacteriophages can be 
used in future studies to destroy the biofilm of MDR P. 
aeruginosa.

Phage therapy limitation for inhibition of bacterial 
biofilm
As mentioned in the previous sections, phages are con-
sidered as a potential agent for prevention and control-
ling the biofilm. Still, there are some obstacles in the 
application of phages for biofilm control.

Biofilm extracellular matrix limit the diffusion
The extracellular polymeric substance known as EPS 
consists of 90 percent of the biofilm mass and creates a 
three-dimension shape of biofilm. EPS prevents the diffu-
sion of the antimicrobial agents through bacteria by cov-
ering bacteria cells [109–111]. Furthermore, phages may 
have initial reversible interaction with some components 
like capsule polysaccharide, teichoic acids, and lipopoly-
saccharides, but cell wall components are necessary for 
irreversible attachment. The existence of the mentioned 
components in the matrix can limit the phage entrance 
into biofilm cells [109, 112]. Hu et al., in a study on dif-
fused properties of phages, reported that similar to the 
antibiotics, slow penetration through biofilm could be 
a problem for phages. Also, they suggested that phage 
penetration is dependent on both phage morphology 
and biofilm density; as the density increase, the diffusion 
becomes more difficult [113].

Narrow host range
The molecules on the surface of bacteria, such as 
lipopolysaccharide and peptidoglycan components, 
outer membrane proteins, and teichoic acids, could be 
the attachment sites for the phage tail [114, 115]. Also, 
the host range is determined by the specificity of phage 
receptors. Furthermore, some phages have a broad spec-
trum, while some other phages have a narrow spectrum 
of host range. Narrow host range could be problematic, 
especially in polymicrobial biofilms, which are formed on 
medical devices [115, 116]. Besides, in most of the infec-
tious biofilms, there are two or multiple bacterial species 
that make the clearance with the phage therapy challeng-
ing [117]. Choosing one single phage, which can destroy 
various extracellular polymers and using it in phage cock-
tails, can be the right solution against polymicrobial bio-
films [115, 118].
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Sub‑populate phage resistance in biofilm
Becoming resistant to phages is necessary for the sur-
vival of bacteria, and this happens by four different 
mechanisms. These mechanisms give bacteria adoption 
to phages and create a phage resistance mutant [109, 
119]. There are reports about the rapid growth of phage 
resistance sub-populate after the primary reduction of 
biofilm cells that were treated with phages [58, 61, 115, 
120]. As Fu et  al. studied the formation of biofilm on 
the hydrogel-coated catheter, they observed that after 
24  h in the phage treated group, viable biofilm counts 
were decreased compared to the untreated group. On 
the other hand, phage resistant isolates were recovered 
from the biofilm. Also, when they used a cocktail con-
sisting of five different phages, biofilm cell density was 
reduced by 99.9%, but they found few isolates resistance 
to these phages [61]. In another study in two isolates of 
phage resistant P. aeruginosa, genetic analyzes revealed 
that mutations in pilT and galU genes are associated 
with resistance. Furthermore, these genes are associ-
ated with pilus motility and LPS formation, respec-
tively. Also, they can act as phage receptors [121].

Additionally, Lacqua et  al. found a subpopulation of 
E. coli strain that is resistant to lysis of two phages, and 
it seems that the biofilm formed by fimbria could be 
a potential strategy for bacteria to escape phage ther-
apy. They suggested that biofilm formation could be a 
mechanism for phage resistance alongside with specific 
mechanisms like changing the receptor or production 
of DNA restriction enzymes [120]. It seems that the 
application of phage cocktails could be an excellent 
solution for preventing this problem [109, 122].

Reduction in metabolic activity of biofilm bacteria 
cell
Since phage infection strictly depends on the growth 
condition of its host, one of the obstacles in the suc-
cessful use of phage therapy against bacterial biofilm is 
the reduction of metabolism. Bacteria that are present 
in biofilms are under nutrient-limited conditions, and 
they grow slowly [89, 117, 123, 124]. On the other hand, 
phage infection is dependent on the resources of bacte-
ria, which is directly related to the physiological state, 
and it is expected that phage infection in planktonic 
bacteria is more efficient than biofilm bacteria [125]. 
The result of one study showed that phage infection of 
Pseudomonas fluorescens in planktonic mode increased 
cell lysis; meanwhile, in biofilm cell lysis, it was nota-
bly lower [125]. Also, phage release after the bacterial 
infection was much higher in the exponential phase 
rather than in the stationary phase and decline phase 
[125]. In another study by los et al., it was revealed that 

starvation of phage could cause severe inhibition of 
phage lytic development [123].

Furthermore, Cerca et  al. studied Staphylococcus epi-
dermidis, and they suggested that lysis of bacteria in 
biofilm is slower than planktonic culture, and it is prob-
ably due to low metabolism in biofilm cells. Neverthe-
less, cells are more sensitive in the exponential growth 
phase rather than the stationary growth phase in plank-
tonic mode [118]. In both Sillankorva et  al. and Cerca 
et al. studies, biomass reduction, was equal in biofilm and 
planktonic mode, and it seemed that biomass reduction 
was dependent on cells’ physiological state rather than 
biofilm phenotype [117, 118, 125].

Inhibition of phage infection via Quorum sensing 
(QS) in biofilm
Many bacteria use QS as a communication system 
between cells with extracellular chemical molecules 
called auto-inducers. QS allows bacteria to coordinate 
gene expression and density of cells population [126, 
127]. Furthermore, it is well known that QS controls 
biofilm formation, growth, and dispersion, and there 
are suggestions for inhibiting biofilm formation by disa-
bling QS [128]. In a study on the QS effect on bacteria’s 
antiphage mechanism, the results demonstrated that in 
response to N-acyl-L-homoserine lactone (AHL), which 
is the QS signal, reduction of λ phage receptor happened 
in E. coli. This led to an increase of uninfected bacteria 
after the phage challenge, and AHL could reduce the 
chance of infection in a broader range of phages [129]. 
Notably, the QS effect against phages needs more investi-
gations and descriptions for other bacteria species [109]. 
Overall, QS could create biofilm and use two different 
methods for inhibiting the phage effect on biofilm. First, 
it can reduce metabolic activity and recourse optimiza-
tion in the biofilm that leads to decreased phage infection 
efficiency; second, it can regulate antiphage mechanisms 
[109].

Conclusion and perspective
Biofilm is one of the leading causes of antibiotic resist-
ance and chronic infections. Because of the inefficacy of 
antibiotics to inhibit bacterial biofilm, new strategies are 
needed to combat it. Recent studies have identified phage 
therapy as one of the effective methods for the destruc-
tion of P. aeruginosa biofilm. As noted above, there are 
still limitations to the widespread use of phage therapy, 
and a focus is needed to address these issues in future 
studies. The use of new strategies to enhance the efficacy 
of bacteriophages on the biofilm of P. aeruginosa is help-
ful. Furthermore, it is recommended that future studies 
use phage therapy to prevent chronic infections caused 
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by P. aeruginosa biofilm so that hopefully it paves the way 
for more using this therapeutic approach.

Acknowledgement
We greatly appreciate the input from Melika Khanzadeh Tehrani (from the 
Department of Pathobiology, School of Public Health, Tehran University of 
Medical Sciences, Tehran, Iran) for her collaboration with us in figures design.

Authors’ contributions
AS conceived the review. AK and MTM contributed to comprehensive 
research. ZC designed the Figures. AS, ZC, AK and MTM wrote the paper. IF and 
PJ participated in manuscript editing. All authors read and approved the final 
manuscript.

Funding
Not applicable.

Availability of data and materials
All data were included.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None to declare.

Author details
1 Department of Microbiology, School of Medicine, Iran University of Medi-
cal Sciences, Tehran, Iran. 2 Student Research Committee, Iran University 
of Medical Sciences, Tehran, Iran. 3 Molecular and Medicine Research Center, 
Department of Microbiology and Immunology, School of Medicine, Arak Uni-
versity of Medical Sciences, Arak, Iran. 4 Department of Genetics, Reproductive 
Biomedicine Research Center, Royan Institute for Reproductive Biomedicine, 
ACECR, Tehran, Iran. 5 Department of Microbiology, School of Medicine, Shahid 
Beheshti University of Medical Sciences, Tehran, Iran. 

Received: 7 July 2020   Accepted: 23 September 2020

References
	 1.	 Shariati A, Azimi T, Ardebili A, Chirani A, Bahramian A, Pormohammad A, 

Sadredinamin M, Erfanimanesh S, Bostanghadiri N, Shams S. Insertional 
inactivation of oprD in carbapenem-resistant Pseudomonas aeruginosa 
strains isolated from burn patients in Tehran Iran. New Microbes New 
Infect. 2018;21:75–80.

	 2.	 Bahramian A, Khoshnood S, Shariati A, Doustdar F, Chirani AS, Heidary 
M. Molecular characterization of the pilS2 gene and its association with 
the frequency of Pseudomonas aeruginosa plasmid pKLC102 and PAPI-1 
pathogenicity island. Infect Drug Resist. 2019;12:221.

	 3.	 Mah T-F, Pitts B, Pellock B, Walker GC, Stewart PS. O’toole GA: A genetic 
basis for Pseudomonas aeruginosa biofilm antibiotic resistance. Nature. 
2003;426:306–10.

	 4.	 Remold SK, Brown CK, Farris JE, Hundley TC, Perpich JA, Purdy ME. Dif-
ferential habitat use and niche partitioning by Pseudomonas species in 
human homes. Microb Ecol. 2011;62:505.

	 5.	 Wagner V, Filiatrault M, Picardo K, Iglewski B: Pseudomonas aeruginosa 
virulence and pathogenesis issues. Pseudomonas genomics Mol Biol. 
2008:129-158

	 6.	 Breidenstein EB, de la Fuente-Núñez C, Hancock RE. Pseudomonas aer-
uginosa: all roads lead to resistance. Trends Microbiol. 2011;19:419–26.

	 7.	 Pires DP, Boas DV, Sillankorva S, Azeredo J. Phage therapy: a step 
forward in the treatment of Pseudomonas aeruginosa infections. J Virol. 
2015;89:7449–566.

	 8.	 CfD C. Prevention: Antibiotic resistance threats in the United States, 
2013. Atlanta, GA: CDC; 2013.

	 9.	 Poole K. Outer membranes and efflux: the path to multidrug resistance 
in Gram-negative bacteria. Curr Pharm Biotechnol. 2002;3:77–98.

	 10.	 Wagner V, Filiatrault M, Picardo K, Iglewski B, Cornelis P. Pseudomonas: 
genomics and molecular biology. Norfolk, UK: Caister Academic Press; 
2008.

	 11.	 Fajardo A, Martínez-Martín N, Mercadillo M, Galán JC, Ghysels B, Mat-
thijs S, Cornelis P, Wiehlmann L, Tümmler B, Baquero F. The neglected 
intrinsic resistome of bacterial pathogens. PloS ONE. 2008;3:e1619.

	 12.	 Vakulenko SB, Mobashery S. Versatility of aminoglycosides and pros-
pects for their future. Clin Microbiol Rev. 2003;16:430–50.

	 13.	 Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common 
cause of persistent infections. Science. 1999;284:1318–22.

	 14.	 Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms. 
Lancet. 2001;358:135–8.

	 15.	 Costerton JW, Geesey G, Cheng K-J. How bacteria stick. Sci Am. 
1978;238:86–95.

	 16.	 Spoering AL, Lewis K. Biofilms and planktonic cells of Pseudomonas aer-
uginosa have similar resistance to killing by antimicrobials. J Bacteriol. 
2001;183:6746–51.

	 17.	 Ma L, Conover M, Lu H, Parsek MR, Bayles K, Wozniak DJ. Assembly and 
development of the Pseudomonas aeruginosa biofilm matrix. PLoS 
Pathogens. 2009;5:100354.

	 18.	 Harper DR, Parracho HM, Walker J, Sharp R, Hughes G, Werthén 
M, Lehman S, Morales S. Bacteriophages and biofilms. Antibiotics. 
2014;3:270–84.

	 19.	 Twort FW: An investigation on the nature of ultra-microscopic viruses. 
Acta Kravsi 1961.

	 20.	 d’Herelle M: Sur un microbe invisible antagoniste des bacilles dysentér-
iques. Acta Kravsi 1961.

	 21.	 Guttman B, Raya R, Kutter E: Basic phage biology. Bacteriophages: Biol-
ogy and applications 2005, 4.

	 22.	 Waldor MK, Friedman DI, Adhya SL. Phages: their role in bacterial patho-
genesis and biotechnology. New York: ASM press; 2005.

	 23.	 Sulakvelidze A, Alavidze Z, Morris JG. Bacteriophage therapy. Antimi-
crob Agents Chemother. 2001;45:649–59.

	 24.	 Chanishvili N: Phage therapy—history from Twort and d’Herelle 
through Soviet experience to current approaches. In: Advances in virus 
research. Volume 83: Elsevier; 2012: 3–40

	 25.	 Kutateladze M, Adamia R. Bacteriophages as potential new therapeutics 
to replace or supplement antibiotics. Trends Biotechnol. 2010;28:591–5.

	 26.	 Potera C: Phage renaissance: new hope against antibiotic resistance. 
National Institute of Environmental Health Sciences; 2013.

	 27.	 Kellenberger G, Kellenberger E. Electron microscopical studies of 
phage multiplication: III Observation of single cell bursts. Virology. 
1957;3:275–85.

	 28.	 Holloway B, Egan J, Monk M. Lysogeny in Pseudomonas aeruginosa. Aust 
J Exp Biol Med Sci. 1960;38:321–30.

	 29.	 Gu J, Liu X, Li Y, Han W, Lei L, Yang Y, Zhao H, Gao Y, Song J, Lu R. A 
method for generation phage cocktail with great therapeutic potential. 
PloS ONE. 2012;7:e31698.

	 30.	 Jaiswal A, Koley H, Ghosh A, Palit A, Sarkar B. Efficacy of cocktail phage 
therapy in treating Vibrio cholerae infection in rabbit model. Microbes 
Infect. 2013;15:152–6.

	 31.	 Hall AR, De Vos D, Friman V-P, Pirnay J-P, Buckling A. Effects of sequential 
and simultaneous applications of bacteriophages on populations of 
Pseudomonas aeruginosa in vitro and in wax moth larvae. Appl Environ 
Microbiol. 2012;78:5646–52.

	 32.	 Hanlon GW. Bacteriophages: an appraisal of their role in the treatment 
of bacterial infections. Int J Antimicrob Agents. 2007;30:118–28.

	 33.	 Yan J, Mao J, Xie J. Bacteriophage polysaccharide depolymerases and 
biomedical applications. BioDrugs. 2014;28:265–74.

	 34.	 Briers Y, Schmelcher M, Loessner MJ, Hendrix J, Engelborghs Y, Volckaert 
G, Lavigne R. The high-affinity peptidoglycan binding domain of 
Pseudomonas phage endolysin KZ144. Biochem Biophys Res Commun. 
2009;383:187–91.

	 35.	 Loessner MJ. Bacteriophage endolysins—current state of research and 
applications. Curr Opin Microbiol. 2005;8:480–7.

	 36.	 Jun SY, Jang IJ, Yoon S, Jang K, Yu K-S, Cho JY, Seong M-W, Jung GM, 
Yoon SJ, Kang SH. Pharmacokinetics and tolerance of the phage 
endolysin-based candidate drug SAL200 after a single intravenous 



Page 15 of 17Chegini et al. Ann Clin Microbiol Antimicrob           (2020) 19:45 	

administration among healthy volunteers. Antimicrob Agents Chem-
other. 2017;61:6.

	 37.	 Hraiech S, Bregeon F, Rolain J-M. Bacteriophage-based therapy in cystic 
fibrosis-associated Pseudomonas aeruginosa infections: rationale and 
current status. Drug Design Dev Ther. 2015;9:3653.

	 38.	 Verma V, Harjai K, Chhibber S. Structural changes induced by a lytic 
bacteriophage make ciprofloxacin effective against older biofilm of 
Klebsiella pneumoniae. Biofouling. 2010;26:729–37.

	 39.	 Lewis K. Persister cells, dormancy and infectious disease. Nat Rev Micro-
biol. 2007;5:48–56.

	 40.	 Pei R, Lamas-Samanamud GR. Inhibition of biofilm formation by T7 
bacteriophages producing quorum-quenching enzymes. Appl Environ 
Microbiol. 2014;80:5340–8.

	 41.	 Adnan M, Shah MRA, Jamal M, Jalil F, Andleeb S, Nawaz MA, Pervez S, 
Hussain T, Shah I, Imran M. Isolation and characterization of bacte-
riophage to control multidrug-resistant Pseudomonas aeruginosa 
planktonic cells and biofilm. Biologicals. 2020;63:89–96.

	 42.	 Latz S, Krüttgen A, Häfner H, Buhl EM, Ritter K, Horz H-P. Differential 
effect of newly isolated phages belonging to PB1-Like, phiKZ-Like and 
LUZ24-Like Viruses against Multi-Drug Resistant Pseudomonas aerugi-
nosa under varying growth conditions. Viruses. 2017;9:315.

	 43.	 Fong SA, Drilling A, Morales S, Cornet ME, Woodworth BA, Fokkens 
WJ, Psaltis AJ, Vreugde S, Wormald P-J. Activity of bacteriophages in 
removing biofilms of Pseudomonas aeruginosa isolates from chronic 
rhinosinusitis patients. Front Cell Infect Microbiol. 2017;7:418.

	 44.	 Jamal M, Andleeb S, Jalil F, Imran M, Nawaz MA, Hussain T, Ali M, Das 
CR. Isolation and characterization of a bacteriophage and its utilization 
against multi-drug resistant Pseudomonas aeruginosa-2995. Life Sci. 
2017;190:21–8.

	 45.	 Guo M, Feng C, Ren J, Zhuang X, Zhang Y, Zhu Y, Dong K, He P, Guo X, 
Qin J. A novel antimicrobial endolysin, LysPA26, against Pseudomonas 
aeruginosa. Front Microbiol. 2017;8:293.

	 46.	 Kwiatek M, Parasion S, Rutyna P, Mizak L, Gryko R, Niemcewicz M, 
Olender A, Łobocka M. Isolation of bacteriophages and their applica-
tion to control Pseudomonas aeruginosa in planktonic and biofilm 
models. Res Microbiol. 2017;168:194–207.

	 47.	 Mapes AC, Trautner BW, Liao KS, Ramig RF. Development of expanded 
host range phage active on biofilms of multi-drug resistant Pseu-
domonas aeruginosa. Bacteriophage. 2016;6:e1096995.

	 48.	 Ahiwale S, Tamboli N, Thorat K, Kulkarni R, Ackermann H, Kapadnis B. 
In vitro management of hospital Pseudomonas aeruginosa biofilm using 
indigenous T7-like lytic phage. Curr Microbiol. 2011;62:335–40.

	 49.	 Kim S, Rahman M, Seol SY, Yoon SS, Kim J. Pseudomonas aeruginosa 
bacteriophage PA1Ø requires type IV pili for infection and shows broad 
bactericidal and biofilm removal activities. Appl Environ Microbiol. 
2012;78:6380–5.

	 50.	 Mi L, Liu Y, Wang C, He T, Gao S, Xing S, Huang Y, Fan H, Zhang X, Yu W. 
Identification of a lytic Pseudomonas aeruginosa phage depolymerase 
and its anti-biofilm effect and bactericidal contribution to serum. Virus 
Genes. 2019;55:394–405.

	 51.	 Guo Y, Chen P, Lin Z, Wang T. Characterization of two Pseudomonas 
aeruginosa viruses vB_PaeM_SCUT-S1 and vB_PaeM_SCUT-S2. Viruses. 
2019;11:318.

	 52.	 Olszak T, Shneider MM, Latka A, Maciejewska B, Browning C, Sycheva LV, 
Cornelissen A, Danis-Wlodarczyk K, Senchenkova SN, Shashkov AS. The 
O-specific polysaccharide lyase from the phage LKA1 tailspike reduces 
Pseudomonas virulence. Sci Rep. 2017;7:1–14.

	 53.	 Alves DR, Perez-Esteban P, Kot W, Bean J, Arnot T, Hansen LH, Enright 
MC, Jenkins ATA. A novel bacteriophage cocktail reduces and disperses 
Pseudomonas aeruginosa biofilms under static and flow conditions. 
Microb Biotechnol. 2016;9:61–74.

	 54.	 Shafique M, Alvi IA, Abbas Z. ur Rehman S: Assessment of biofilm 
removal capacity of a broad host range bacteriophage JHP against 
Pseudomonas aeruginosa. Apmis. 2017;125:579–84.

	 55.	 Phee A, Bondy-Denomy J, Kishen A, Basrani B, Azarpazhooh A, Maxwell 
K. Efficacy of bacteriophage treatment on Pseudomonas aeruginosa 
biofilms. J Endodon. 2013;39:364–9.

	 56.	 Danis-Wlodarczyk K, Olszak T, Arabski M, Wasik S, Majkowska-Skrobek G, 
Augustyniak D, Gula G, Briers Y, Jang HB, Vandenheuvel D. Characteriza-
tion of the newly isolated lytic bacteriophages KTN6 and KT28 and their 
efficacy against Pseudomonas aeruginosa biofilm. PLoS ONE. 2015;10:6.

	 57.	 Lehman SM, Donlan RM. Bacteriophage-mediated control of a two-
species biofilm formed by microorganisms causing catheter-associated 
urinary tract infections in an in vitro urinary catheter model. Antimicrob 
Agents Chemother. 2015;59:1127–37.

	 58.	 Pires D, Sillankorva S, Faustino A, Azeredo J. Use of newly isolated 
phages for control of Pseudomonas aeruginosa PAO1 and ATCC 10145 
biofilms. Res Microbiol. 2011;162:798–806.

	 59.	 Knezevic P, Obreht D, Curcin S, Petrusic M, Aleksic V, Kostanjsek R, 
Petrovic O. Phages of Pseudomonas aeruginosa: response to environ-
mental factors and in vitro ability to inhibit bacterial growth and biofilm 
formation. J Appl Microbiol. 2011;111:245–54.

	 60.	 Kay MK, Erwin TC, McLean RJ, Aron GM. Bacteriophage ecology in 
Escherichia coli and Pseudomonas aeruginosa mixed-biofilm communi-
ties. Appl Environ Microbiol. 2011;77:821–9.

	 61.	 Fu W, Forster T, Mayer O, Curtin JJ, Lehman SM, Donlan RM. Bacterio-
phage cocktail for the prevention of biofilm formation by Pseudomonas 
aeruginosa on catheters in an in vitro model system. Antimicrob Agents 
Chemother. 2010;54:397–404.

	 62.	 Waters EM, Neill DR, Kaman B, Sahota JS, Clokie MR, Winstanley C, 
Kadioglu A. Phage therapy is highly effective against chronic lung infec-
tions with Pseudomonas aeruginosa. Thorax. 2017;72:666–7.

	 63.	 Wright A, Hawkins C, Änggård E, Harper D. A controlled clinical trial 
of a therapeutic bacteriophage preparation in chronic otitis due to 
antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of 
efficacy. Clin Otolaryngol. 2009;34:349–57.

	 64.	 Rose T, Verbeken G, De Vos D, Merabishvili M, Vaneechoutte M, Lavigne 
R, Jennes S, Zizi M, Pirnay J-P. Experimental phage therapy of burn 
wound infection: difficult first steps. Int J Burns Trauma. 2014;4:66.

	 65.	 Jeon J, Yong D. Two novel bacteriophages improve survival in Galleria 
mellonella infection and mouse acute pneumonia models infected 
with extensively drug-resistant Pseudomonas aeruginosa. Appl Environ 
Microbiol. 2019;85:e02900–02918.

	 66.	 Holguın A, Rangel G, Clavijo V, Prada C, Mantilla M, Gomez M, Kutter E, 
Taylor C, Fineran P, Barrios A. Phage Pan70, a putative temperate phage, 
controls Pseudomonas aeruginosa in planktonic, biofilm and burn 
mouse model assays. Viruses. 2015;7:4602–23.

	 67.	 Alemayehu D, Casey P, McAuliffe O, Guinane C, Martin J, Shanahan F, 
Coffey A, Ross R, Hill C. Bacteriophages MR299-2 and NH-4 can elimi-
nate Pseudomonas aeruginosa in the murine lung and on cystic fibrosis 
lung airway cells. MBio. 2012;3:e00029–e112.

	 68.	 Forti F, Roach DR, Cafora M, Pasini ME, Horner DS, Fiscarelli EV, Rossitto 
M, Cariani L, Briani F, Debarbieux L. Design of a broad-range bacte-
riophage cocktail that reduces Pseudomonas aeruginosa biofilms 
and treats acute infections in two animal models. Antimicrob Agents 
Chemother. 2018;62:e02573–e2517.

	 69.	 Basu S, Agarwal M, Kumar SB, Nath G, Kumar VS. An in vivo wound 
model utilizing bacteriophage therapy of Pseudomonas aeruginosa 
biofilms. Ostomy/wound Manag. 2015;61:16–23.

	 70.	 Wintachai P, Naknaen A, Pomwised R, Voravuthikunchai SP, Smith DR. 
Isolation and characterization of Siphoviridae phage infecting exten-
sively drug-resistant Acinetobacter baumannii and evaluation of thera-
peutic efficacy in vitro and in vivo. J Med Microbiol. 2019;68:1096–108.

	 71.	 Lood R, Winer BY, Pelzek AJ, Diez-Martinez R, Thandar M, Euler CW, 
Schuch R, Fischetti VA. Novel phage lysin capable of killing the 
multidrug-resistant gram-negative bacterium Acinetobacter bauman-
nii in a mouse bacteremia model. Antimicrob Agents Chemother. 
2015;59:1983–91.

	 72.	 Yele AB, Thawal ND, Sahu PK, Chopade BA. Novel lytic bacteriophage 
AB7-IBB1 of Acinetobacter baumannii: isolation, characterization and its 
effect on biofilm. Arch Virol. 2012;157:1441–500.

	 73.	 Thawal ND, Yele AB, Sahu PK, Chopade BA. Effect of a novel podophage 
AB7-IBB2 on Acinetobacter baumannii biofilm. Curr Microbiol. 
2012;65:66–72.

	 74.	 Qi ZY, Yang SY, Dong SW, Zhao FF, Qin JH, Xiang J. Biological character-
istics and genomic information of a bacteriophage against pan-drug 
resistant Klebsiella pneumoniae in a burn patient and its effects on 
bacterial biofilm. Zhonghua Shao Shang Za Zhi. 2020;36:14–23.

	 75.	 Wu Y, Wang R, Xu M, Liu Y, Zhu X, Qiu J, Liu Q, He P, Li Q. A novel polysac-
charide depolymerase encoded by the phage SH-KP152226 confers 
specific activity against multidrug-resistant Klebsiella pneumoniae via 
biofilm degradation. Front Microbiol. 2019;10:2768.



Page 16 of 17Chegini et al. Ann Clin Microbiol Antimicrob           (2020) 19:45 

	 76.	 Tabassum R, Shafique M, Khawaja KA, Alvi IA, Rehman Y, Sheik CS, Abbas 
Z, Rehman SU. Complete genome analysis of a Siphoviridae phage 
TSK1 showing biofilm removal potential against Klebsiella pneumoniae. 
Sci Rep. 2018;8:17904.

	 77.	 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.

	 78.	 Jamal M, Hussain T, Das CR, Andleeb S. Characterization of Siphoviri-
dae phage Z and studying its efficacy against multidrug-resistant 
Klebsiella pneumoniae planktonic cells and biofilm. J Med Microbiol. 
2015;64:454–62.

	 79.	 Dakheel KH, Rahim RA, Neela VK, Al-Obaidi JR, Hun TG, Isa MNM, Yusoff 
K. Genomic analyses of two novel biofilm-degrading methicillin-resist-
ant Staphylococcus aureus phages. BMC Microbiol. 2019;19:114.

	 80.	 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.

	 81.	 Tkhilaishvili T, Lombardi L, Klatt AB, Trampuz A, Di Luca M. Bacterio-
phage Sb-1 enhances antibiotic activity against biofilm, degrades 
exopolysaccharide matrix and targets persisters of Staphylococcus 
aureus. Int J Antimicrob Agents. 2018;52:842–53.

	 82.	 Gu Y, Xu Y, Xu J, Yu X, Huang X, Liu G, Liu X. Identification of novel bacte-
riophage vB_EcoP-EG1 with lytic activity against planktonic and biofilm 
forms of uropathogenic Escherichia coli. Appl Microbiol Biotechnol. 
2019;103:315–26.

	 83.	 Tkhilaishvili T, Di Luca M, Abbandonato G, Maiolo EM, Klatt AB, Reuter 
M, Moncke-Buchner E, Trampuz A. Real-time assessment of bacte-
riophage T3-derived antimicrobial activity against planktonic and 
biofilm-embedded Escherichia coli by isothermal microcalorimetry. Res 
Microbiol. 2018;169:515–21.

	 84.	 Ribeiro KVG, Ribeiro C, Dias RS, Cardoso SA, de Paula SO, Zanuncio JC, 
de Oliveira LL. Bacteriophage isolated from sewage eliminates and 
prevents the establishment of Escherichia coli biofilm. Adv Pharm Bull. 
2018;8:85–95.

	 85.	 D’Andrea MM, Frezza D, Romano E, Marmo P, De Angelis LH, Perini N, 
Thaller MC, Di Lallo G. The lytic bacteriophage vB_EfaH_EF1TV, a new 
member of the Herelleviridae family, disrupts biofilm produced by Ente-
rococcus faecalis clinical strains. J Glob Antimicrob Resist. 2019;21:68–75.

	 86.	 Shlezinger M, Coppenhagen-Glazer S, Gelman D, Beyth N, Hazan R. 
Eradication of vancomycin-resistant enterococci by combining phage 
and vancomycin. Viruses. 2019;11(10):954.

	 87.	 Melo LDR, Ferreira R, Costa AR, Oliveira H, Azeredo J. Efficacy and safety 
assessment of two enterococci phages in an in vitro biofilm wound 
model. Sci Rep. 2019;9:6643.

	 88.	 Sharahi JY, Ahovan ZA, Maleki DT, Rad ZR, Rad ZR, Goudarzi M, Shariati 
A, Bostanghadiri N, Abbasi E, Hashemi A. In vitro antibacterial activity of 
curcumin-meropenem combination against extensively drug-resistant 
(XDR) bacteria isolated from burn wound infections. Avicenna J Phy-
tomed. 2020;10:3.

	 89.	 Yonezawa H, Osaki T, Kamiya S: Biofilm formation by Helicobacter pylori 
and its involvement for antibiotic resistance. BioMed research interna-
tional 2015, 2015.

	 90.	 Sharahi JY, Azimi T, Shariati A, Safari H, Tehrani MK, Hashemi A. 
Advanced strategies for combating bacterial biofilms. J Cell Physiol. 
2019;234:14689–708.

	 91.	 Tkhilaishvili T, Winkler T, Müller M, Perka C, Trampuz A. Bacteriophages 
as adjuvant to antibiotics for the treatment of periprosthetic joint 
infection caused by multidrug-resistant Pseudomonas aeruginosa. 
Antimicrob Agents Chemother. 2019;64:1.

	 92.	 Akturk E, Oliveira H, Santos SB, Costa S, Kuyumcu S, Melo LD, Azeredo 
J. Synergistic action of phage and antibiotics: Parameters to enhance 
the killing efficacy against mono and dual-species biofilms. Antibiotics. 
2019;8:103.

	 93.	 Chaudhry WN, Concepcion-Acevedo J, Park T, Andleeb S, Bull JJ, Levin 
BR. Synergy and order effects of antibiotics and phages in killing Pseu-
domonas aeruginosa biofilms. PLoS ONE. 2017;12:e0168615.

	 94.	 Sturino JM, Klaenhammer TR. Inhibition of bacteriophage replication in 
Streptococcus thermophilus by subunit poisoning of primase. Microbiol-
ogy. 2007;153:3295–302.

	 95.	 Vilas Boas D, Almeida C, Sillankorva S, Nicolau A, Azeredo J, Azevedo 
NF. Discrimination of bacteriophage infected cells using locked 

nucleic acid fluorescent in situ hybridization (LNA-FISH). Biofouling. 
2016;32:179–90.

	 96.	 Glonti T, Chanishvili N, Taylor P. Bacteriophage-derived enzyme 
that depolymerizes the alginic acid capsule associated with cystic 
fibrosis isolates of Pseudomonas aeruginosa. J Appl Microbiol. 
2010;108:695–702.

	 97.	 Chang RYK, Das T, Manos J, Kutter E, Morales S, Chan H-K. Bacterio-
phage PEV20 and ciprofloxacin combination treatment enhances 
removal of Pseudomonas aeruginosa biofilm isolated from cystic fibrosis 
and wound patients. The AAPS journal. 2019;21:49.

	 98.	 Henriksen K, Rørbo N, Rybtke ML, Martinet MG, Tolker-Nielsen T, Høiby 
N, Middelboe M, Ciofu O. P. aeruginosa flow-cell biofilms are enhanced 
by repeated phage treatments but can be eradicated by phage–cipro-
floxacin combination: —monitoring the phage–P. aeruginosa biofilms 
interactions. Pathogens and disease. 2019;77:011.

	 99.	 Torres-Barceló C, Arias-Sánchez FI, Vasse M, Ramsayer J, Kaltz O, Hoch-
berg ME. A window of opportunity to control the bacterial pathogen 
Pseudomonas aeruginosa combining antibiotics and phages. PLoS ONE. 
2014;9:e106628.

	100.	 Torres-Barceló C, Hochberg ME. Evolutionary rationale for phages as 
complements of antibiotics. Trends Microbiol. 2016;24:249–56.

	101.	 Coulter LB, McLean RJ, Rohde RE, Aron GM. Effect of bacteriophage 
infection in combination with tobramycin on the emergence of resist-
ance in Escherichia coli and Pseudomonas aeruginosa biofilms. Viruses. 
2014;6:3778–866.

	102.	 Watters C, Everett JA, Haley C, Clinton A, Rumbaugh KP. Insulin treat-
ment modulates the host immune system to enhance Pseudomonas 
aeruginosa wound biofilms. Infect Immun. 2014;82:92–100.

	103.	 Wroe JA, Johnson CT, García AJ. Bacteriophage delivering hydrogels 
reduce biofilm formation in vitro and infection in vivo. J Biomed Mater 
Res, Part A. 2020;108:39–49.

	104.	 Oliveira A, Sousa JC, Silva AC, Melo LD, Sillankorva S. Chestnut honey 
and bacteriophage application to control Pseudomonas aeruginosa and 
Escherichia coli biofilms: evaluation in an ex vivo wound model. Front 
Microbiol. 2018;9:1725.

	105.	 Zhang Y, Hu Z. Combined treatment of Pseudomonas aeruginosa 
biofilms with bacteriophages and chlorine. Biotechnol Bioeng. 
2013;110:286–95.

	106.	 Ahiwale S, Bankar A, Tagunde S, Kapadnis B. A bacteriophage mediated 
gold nanoparticles synthesis and their anti-biofilm activity. Indian J 
Microbiol. 2017;57:188–94.

	107.	 Mion S, Rémy B, Plener L, Brégeon F, Chabrière E, Daudé D. Quorum 
quenching lactonase strengthens bacteriophage and antibiotic arsenal 
against Pseudomonas aeruginosa clinical isolates. Front Microbiol. 
2019;10:2049.

	108.	 Chhibber S, Bansal S, Kaur S. Disrupting the mixed-species biofilm of 
Klebsiella pneumoniae B5055 and Pseudomonas aeruginosa PAO using 
bacteriophages alone or in combination with xylitol. Microbiology. 
2015;161:1369–77.

	109.	 Pires DP, Melo LD, Boas DV, Sillankorva S, Azeredo J. Phage therapy as an 
alternative or complementary strategy to prevent and control biofilm-
related infections. Curr Opin Microbiol. 2017;39:48–56.

	110.	 Flemming H-C, Wingender J. The biofilm matrix. Nat Rev Microbiol. 
2010;8:623–33.

	111.	 Romaní AM, Fund K, Artigas J, Schwartz T, Sabater S, Obst U. Relevance 
of polymeric matrix enzymes during biofilm formation. Microb Ecol. 
2008;56:427–36.

	112.	 Rakhuba D, Kolomiets E, Dey ES, Novik G. Bacteriophage receptors, 
mechanisms of phage adsorption and penetration into host cell. Pol J 
Microbiol. 2010;59:145–55.

	113.	 Hu J, Miyanaga K, Tanji Y. Diffusion properties of bacteriophages 
through agarose gel membrane. Biotechnol Prog. 2010;26:1213–21.

	114.	 Kutter E, Raya R, Carlson K: Molecular mechanisms of phage infection. 
2005.

	115.	 Donlan RM. Preventing biofilms of clinically relevant organisms using 
bacteriophage. Trends Microbiol. 2009;17:66–72.

	116.	 Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically 
relevant microorganisms. Clin Microbiol Rev. 2002;15:167–93.

	117.	 Azeredo J, Sutherland IW. The use of phages for the removal of infec-
tious biofilms. Curr Pharm Biotechnol. 2008;9:261–6.



Page 17 of 17Chegini et al. Ann Clin Microbiol Antimicrob           (2020) 19:45 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	118.	 Cerca N, Oliveira R, Azeredo J. Susceptibility of Staphylococcus epider-
midis planktonic cells and biofilms to the lytic action of staphylococcus 
bacteriophage K. Lett Appl Microbiol. 2007;45:313–7.

	119.	 Labrie SJ, Samson JE, Moineau S. Bacteriophage resistance mecha-
nisms. Nat Rev Microbiol. 2010;8:317–27.

	120.	 Lacqua A, Wanner O, Colangelo T, Martinotti MG, Landini P. Emergence 
of biofilm-forming subpopulations upon exposure of Escherichia coli to 
environmental bacteriophages. Appl Environ Microbiol. 2006;72:956–9.

	121.	 Oechslin F, Piccardi P, Mancini S, Gabard J, Moreillon P, Entenza JM, 
Resch G, Que Y-A. Synergistic interaction between phage therapy and 
antibiotics clears Pseudomonas aeruginosa infection in endocarditis and 
reduces virulence. J Infect Dis. 2017;215:703–12.

	122.	 Chan BK, Abedon ST, Loc-Carrillo C. Phage cocktails and the future of 
phage therapy. Future Microbiol. 2013;8:769–83.

	123.	 Łoś M, Golec P, Łoś JM, Węglewska-Jurkiewicz A, Czyż A, Węgrzyn A, 
Węgrzyn G, Neubauer P. Effective inhibition of lytic development of 
bacteriophages λ, P1 and T4 by starvation of their host, Escherichia coli. 
BMC biotechnol. 2007;7:13.

	124.	 Sillankorva S, Oliveira R, Vieira MJ, Sutherland I, Azeredo J. Pseu-
domonas fluorescens infection by bacteriophage ΦS1: the influence 
of temperature, host growth phase and media. FEMS Microbiol Lett. 
2004;241:13–20.

	125.	 Sillankorva S, Oliveira R, Vieira MJ, Sutherland I, Azeredo J. Bacterio-
phage Φ S1 infection of Pseudomonas fluorescens planktonic cells 
versus biofilms. Biofouling. 2004;20:133–8.

	126.	 Ng W-L, Bassler BL. Bacterial quorum-sensing network architectures. 
Annu Rev Genet. 2009;43:197–222.

	127.	 Abisado RG, Benomar S, Klaus JR, Dandekar AA, Chandler JR. Bacte-
rial quorum sensing and microbial community interactions. MBio. 
2018;9:e02331–e2317.

	128.	 Papenfort K, Bassler BL. Quorum sensing signal–response systems in 
Gram-negative bacteria. Nat Rev Microbiol. 2016;14:576.

	129.	 Høyland-Kroghsbo NM, Mærkedahl RB, Svenningsen SL. A quo-
rum-sensing-induced bacteriophage defense mechanism. MBio. 
2013;4:e00362–e312.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Bacteriophage therapy against Pseudomonas aeruginosa biofilms: a review
	Abstract 
	Introduction
	Phage therapy for inhibition of MDR P. aeruginosa biofilm: in vitro studies
	Phage therapy for inhibition of MDR P. aeruginosa biofilm: in vivo studies
	Use of combination therapy of antibiotics and bacteriophages to inhibit P. aeruginosa biofilm
	Other combination therapies to increase the efficacy of phage therapy on P. aeruginosa biofilms
	Phage therapy limitation for inhibition of bacterial biofilm
	Biofilm extracellular matrix limit the diffusion
	Narrow host range
	Sub-populate phage resistance in biofilm
	Reduction in metabolic activity of biofilm bacteria cell
	Inhibition of phage infection via Quorum sensing (QS) in biofilm
	Conclusion and perspective
	Acknowledgement
	References




