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Biofilms are clusters of bacteria that live in association with surfaces, attached to other bacterial cells and to the surface

by an extracellular polymeric matrix. Biofilms are capable of adhering to a wide variety of surfaces, both biotic and abiotic,

including human tissues, medical devices, and other materials, representing a major threat causing infectious diseases

and economic losses. Unfortunately, current antibiotics and common disinfectants have shown limited ability to remove

biofilms adequately. Here, phage-based treatments are proposed as promising alternatives for biofilm eradication,

including phage therapy, phage-derived enzymes, genetically modified phages, and phages in combination with

antibiotics.
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1. Introduction

Understanding the underlying mechanisms involved in phage resistance and the co-evolutionary interactions between

phages and biofilms is very important to design phage-based treatments and to minimize the likelihood of resistance

emergence . Phage-based treatments include phage therapy involving single phages or phage cocktails, phage-derived

enzymes, phages in combination with antibiotics, and genetically modified phages . In this section we will summarize

some of the main applications of phages and their by-products for the removal of biofilms (Figure 1).

Figure 1. Main phage-based treatments for biofilm removal.

2. Phage Therapy

Since phages can actively penetrate and disturb biofilms in nature, they can be used to obtain specific and improved

treatments against biofilms . Phage-based therapies focus on lytic phages because they destroy their bacterial hosts, but

also because they lack integrases and other enzymes involved in horizontal gene transfer . In order to design phage-

based methods to remove biofilms, it is important to take into account the specific characteristics of the phages that may

play a role in their penetration, diffusion, and propagation through the biofilm. For example, penetration of the biofilm is

often less efficient for larger phages .

Phages encoding EPS-degrading enzymes are of particular interest against biofilms. Depolymerases are enzymes

encoded by phages that specifically degrade EPS matrix components, improving phage penetration . Another source of

EPS-degrading enzymes are the bacteria found inside the biofilm under stress conditions. Stress can be triggered by

phage infection, facilitating increased penetration and dissemination of phages within the community. This has been

demonstrated in Pseudomonas aeruginosa biofilms, where phage infection was found to reduce the viscosity of biofilms

by bacterial enzymes . Phage therapy against biofilms of P. aeruginosa has been also tested in a mouse model of cystic

fibrosis and has been shown to successfully remove biofilms . Phages have also been shown to be effective against oral

biofilms that cause infections such as caries, periodontal and peri-implant disease, including Enterococcus faecalis,

Fusobacterium nucleatum, and Streptococcus spp. among others, suggesting promising new oral health products based

on phages .
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Antibiotics are usually broad-spectrum stable chemical compounds, while phages are very specific and evolving entities.

On the one hand, their specificity is an advantage, as it reduces off-target damage and restricts the development of

resistance to target-specific bacteria . In addition, phages are evolving entities that can counteract bacterial resistance.

On the other hand, specificity is also a limitation because it requires great efforts in terms of phage bioprospecting.

Furthermore, specificity means that the bacterial pathogen has to be identified at species or even strain level before

treatment is administered, which can be a problem for acute infections requiring a rapid response. This issue can be

addressed by phage cocktails. If the target is a single species or strain, phages that do not infect the target will simply

function as a bystander. However, biofilms are often multi-species communities, which means that cocktails can contribute

to disrupting biofilms more efficiently . Another interesting aspect of phage cocktails is that they can prevent the

emergence of phage resistant bacteria if multiple phages active against a given target are included in the cocktail . In

addition, the phages within a cocktail can interact synergistically, increasing lytic activity . However, interference or

antagonistic interactions between phages could be also possible.

Recent studies support the use of cocktails against bacterial biofilms in vivo, especially for multi-species biofilms. For

example, a phage cocktail was formulated to treat catheter-associated urinary tract infections caused by Proteus mirabilis,

showing strong biofilm destruction activity and preventing biofilm formation. The application of this cocktail in liquid or gel

form to rinse the urological catheters was proposed to cover their surface during application to prevent the formation of

biofilms . In addition, infections caused by P. aeruginosa biofilms were treated with a cocktail containing six lytic phages

and tested with encouraging results . Another cocktail combining six phages was tested to eradicate P. aeruginosa
biofilms in a mice model with acute respiratory infection, showing great efficacy in disrupting biofilms . Finally, two-

phage cocktails are sometimes sufficient, as demonstrated to treat E. faecalis biofilms , although it is recommended to

include more phages to reduce emergence of resistance.

Some phage-based products already on the market have been proposed as promising tools to remove biofilms , such a

staphylococcal bacteriophage, containing the monophage Sb-1, which has been used in patients with osteomielytis and in

foot ulcers , and PYO bacteriophage, a complex preparation designed for wound treatment  [64]. There are also some

commercially available phage-based products for the food industry against Listeria sp.  or E. coli  with bactericidal

effects that are interesting for biofilm prevention. Some of these commercially available products, as Listex P100  may

also be promising for biofilm removal in surfaces of working environments of the food industry .

3. Phage-Derived Enzymes

Some enzymes encoded with phages may be useful for treating bacterial infections and biofilms . These enzymes or

enzybiotics derived from phages can be used as an alternative to antibiotics for human and animal health. Their efficacy

has been demonstrated in a few pre-clinical studies, but these products are still under development. Under current safety

standards and regulations, the application of phage products is easier than use of the phage itself. According to this view,

two main types of phage degradation enzymes are useful in the removal of biofilms: lysins and depolymerases (Figure 2).

Figure 2. Differences between the action of lytic phages, lysins and depolymerases. Lytic phages provide antibacterial

effect, degrading cell wall and EPS. Lysins provide a bactericidal effect, disrupting cell walls when they establish contact

with their target. Depolymerases degrade EPS.
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3.1. Lysins

Lysins are peptidoglycan hydrolases that have a bactericidal effect on susceptible bacteria. They break peptidoglycan

bonds, degrading the bacterial cell wall and biofilm structure . This makes lysins useful for Gram-positive

bacteria . Lysins are not restricted to be encoded by phages, since some bacteria produce lysins used to compete with

other bacteria. In phages, lysins can be soluble enzymes, such as proteins that act at the end of the phage cycle to lysate

the cell. In addition, they can be found in phage tails as virion-associated lysins, acting after receptor recognition to

degrade the cell wall locally and allow injection of phage genomic material . Depending on the peptidoglycan bonds

they break, lysins are classified into different categories. Glycosidases or glycoside hydrolases break glycosidic bonds in

complex sugars, N-acetylmuramoyl-L-alanine amidases cleaves the link between N-acetylmuramoyl residues and L-

amino acid residues in certain cell-wall glycopeptides, and endopeptidases are proteolytic peptidases that break peptide

bonds in non-terminal amino acids .

Phages that encode lysins have co-evolved with bacteria, so the binding domain of these enzymes evolved to target a

unique and essential molecule in the cell wall, peptidoglycan, a well-preserved structure . Lysins have been shown

to exhibit thermostability, high ionic tolerance, and synergistic activity with antibiotics and other lysins . In addition, lysins

can be engineered to modify their target specificity and improve killing activity . An example is the chimeric lysin Csl2,

obtained by fusion of the catalytic domain of Cp1-7 lysozyme to the CW-7 repeats of the LySMP lysine from a

Staphylococcus suis phage. It was designed to remove S. suis biofilms with positive results in vitro, and validated in vivo

with a zebrafish infection model .

One of the main interesting features of lysins as therapeutic agents is that their activity is independent of the bacterial

physiological state . It was shown that the use of Art-175 lysine against multi-drug-resistant P. aeruginosa biofilms

caused osmotic lysis independent of bacterial metabolism. This is relevant for biofilm removal because lysins can destroy

persistent bacteria within biofilms, even at low metabolic rates .

3.2. Depolymerases

Depolymerases are enzymes derived from phages that facilitate the early stages of phage infection by degrading the

extracellular substances of encapsulated bacteria, and may also help to reach phage receptors . They are capable of

degrading the chains of capsular polysaccharides, exopolysaccharides, and O-polysaccharides from lipopolysaccharides

and peptidoglycan. All these substances may constitute the capsule of some free-living bacteria, but most of them are

important components of the biofilm matrix. Depolymerases can be associated with virions, forming part of the phage

particle, or be in soluble form. The latter type of depolymerase can be released during lysis of the bacterial cell . Due to

the ability of phage-encoded depolymerases to degrade the polysaccharides in the bacterial capsule and biofilm matrix,

phages encoding these enzymes may have easier access to the bacterial host, allowing infection. Therefore,

depolymerase activity is particularly interesting in the removal of biofilms, as it alters the EPS matrix and decreases

bacterial virulence .

Depolymerases are divided into different groups. Hydrolases are depolymerases that use one molecule of water to

hydrolyze chemical bonds, while lyases catalyze the breaking of chemical bonds by means other than hydrolysis and

oxidation. A third type of depolymerases are triacylglycerol lipases. They act on the carboxylic ester bonds of

triacylglycerols by releasing organic acids and glycerol. In addition to the diversity of depolymerase general modes of

action, within each category there is also a great diversity and depolymerases are highly target-specific. This diversity and

specificity is a result of phage-host co-evolution, influenced by intense horizontal gene transfer . Depolymerases are

especially interesting for treating human or animal infections caused by biofilms. They can enhance the action of the

immune system against bacteria by degrading the EPS matrix and allowing immune cells to access the bacteria in the

biofilm .

Depolymerases have been tested against biofilms formed by different bacterial species. Depolymerase Dpo7, derived

from the vB_SepiS-phiPLA7 phage, was shown to reduce Staphylococcus sp. biofilm biomass by 53%–85% in 67% of the

bacterial strains tested, in a dose-dependent but time-independent response . Another example of depolymerase tested

on biofilms with interesting results is Dpo42, derived from phage vB_EcoM_ECOO78. Its anti-biofilm activity was tested

against Escherichia coli, again exhibiting dose-dependent biofilm prevention activity . Finally, lysins and depolymerases

are also good anti-biofilm agents in combination. For instance, lysin LysK and depolymerase DA7 have been tested in

combination against Staphylococcus aureus biofilms in static and dynamic models. These enzymes showed a synergistic

behavior, significantly reducing the number of viable cells in the biofilm .
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4. Genetically Modified Phages

Penetration and diffusion of phages through the EPS-matrix is mandatory to eliminate biofilms using phage-based

treatments. As mentioned above, some phage degradation enzymes serve this purpose, but many phages do not encode

for these specific enzymes. However, phages can be genetically modified to produce enzymes that degrade the EPS-

matrix, facilitating the removal of biofilms . For example, a modified T7 E. coli phage has been designed to express

intracellularly a hydrolase that is released during infection to the extracellular matrix, enhancing biofilm degradation.

Testing on E. coli biofilms showed an elimination rate greater than 99%, and demonstrated the benefits of using

manipulated phages .

Some temperate phages may have phenotypic characteristics that make them useful for biofilm removal. Genetic

engineering can be used to turn these phages into lytic phages. This has been done by modifying the lysogenic ɸEf11 E.
faecalis phage. E. faecalis biofilms are commonly associated with cases of failed root canals and nosocomial infections.

ɸEf11 was genetically modified to eliminate all genes related to lysogeny, eliminating transduction problems and

achieving a significant reduction in the biomass of treated E. faecalis biofilms, both resistant and sensitive to the antibiotic

vancomycin .

Another interesting feature of genetically modified phages is related to host range. In a recent study, researchers modified

the genome of T7Select E. coli phage by inserting coding sequences for 1080, a short peptide with a broad-spectrum anti-

biofilm effect. The modified phage was more effective in eradicating established E. coli biofilms than the unmodified

phage . Phages can also be designed to selectively kill antibiotic resistant bacteria. In addition, although lytic phages

are typically used to destroy bacteria, temperate phages may be of interest for delivering programmable DNA nucleases

associated with CRISPR to reverse antibiotic resistance. This system can selectively destroy plasmids that confer

antibiotic resistance .

Lytic phages infect host cells in order to replicate and release new virions, leading to an exponential increase of viral

populations along time. In addition, as replicating evolving entities, phages could potentially induce gene transduction and

other drawbacks. In order to avoid these problems, phages could be modified. An interesting example is phage AuNR,
genetically modified to express a receptor-specific binding protein to attach to several Gram-negative organisms. In

addition, they were conjugated to gold nanorods, that following excitation by near-infrared light, induced the photothermal

lysis of the targeted cells, also destroying the phages and avoiding replication. This phage treatment was tested over P.
aeruginosa biofilms, showing widespread bacterial cell death even when they were cultured in mammalian epithelial cells.

Thus, combination of gold nanorods and genetically modified phages results in an interesting tool for biofilm removal .

5. Phages in Combination with Antibiotics

A sub-lethal dose of antibiotics can stimulate phage virulence under certain conditions. This phenomenon is known as

phage-antibiotic synergy (PAS). The idea of combining phage therapy and antibiotics comes from the understanding that

by using two different selective pressures we can obtain more efficacy than by using each separately . An example of

the success of the combination of phages and antibiotics was demonstrated in a study in which the Sb-1 S. aureus phage

increased antibiotic activity against biofilms. Phage Sb-1 is particularly interesting for the treatment of S. aureus biofilms

because of its ability to degrade the EPS-matrix . Combination therapy of phages and antibiotics on E. coli biofilms has

also been tested using T4 phages and tobramycin, which strongly reduced antibiotic-resistant bacteria. The same test

was done for P. aeruginosa biofilms, using phage PB-1 .

The combination of phage-derived enzymes with antibiotics, such as the combination of depolymerases with antibiotics,

can increase the antibacterial effect by facilitating the access of antibiotics to the bacteria within the biofilm . In a study

of bacterial biofilms in food processing environments, the action of a thermally stable depolymerase obtained from a

Klebsiella phage was tested. The enzymatic pre-treatment increased the subsequent disinfection effect of chlorine

dioxide, a broad-spectrum sterilizer commonly used in the food industry. This enzyme reduced the adhesion of bacteria

and EPS-matrix, favoring the action of chlorine dioxide .

However, it is important to note that the combination of phages and antibiotics also has some drawbacks. This may lead

to the emergence of double-resistant bacteria, similar to antibiotic cocktails . In addition, phages may preferentially

infect antibiotic-sensitive bacteria compared to those that form antibiotic-resistant biofilms, further promoting antibiotic

resistance . Moreover, antibiotics could potentially interfere with bacterial metabolism, which is required for phages to

infect bacteria. For these reasons, the effects of double treatment of phages with antibiotics should be tested to avoid

incompatibilities, as antagonistic effects could arise .
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Designing phage cocktails that include antibiotics has also been considered. The use of phage cocktails and antibiotics is

especially interesting for treating multiple bacterial infections because some pathogenic species or strains may be favored

by eliminating competitors .
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