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Abstract 

 

Biofilms are communities of 

organisms associated with biotic or abiotic 

surfaces and encapsulated in extracellular 

polymers. They form on biotic and abiotic 

surfaces, including human tissues and 

medical devices, posing a serious threat to 

chronic diseases. In addition, current 

antibiotics and disinfectants have limited 

ability to completely remove biofilms. In 

this review, the authors provide an 

overview of bacterial biofilm formation 

and its properties, burden, and phage 

evolution. In addition, recently, phages and 

phage-derived enzymes used to attack 

bacteria in the biofilm process have been 

described. According to the results, it can 

be concluded that although phages and 

phage-derived products have been used 

successfully to break down biofilms, they 

are often not sufficient to destroy all 

bacteria. However, combining phage 

and/or phage-derived products with other 

antibiotics, including antibiotics, 

nanoparticles, and antibiotic peptides, 

would be an effective way to remove 

biofilms from medical devices and treat 

their infectious diseases. 
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I. INTRODUCTION 

 

1. Bacteriophage: In 1915, Twort discovered that phages do not recognize molecules that 

inhibit bacterial growth. In 1917, D'Herelle first isolated and discovered phages and 

developed a phage against some typhoid fevers caused by Salmonella gallinarum [1]. 

With advances in research on the use of phages in the treatment of humans and animals, it 

is clear that great results have been achieved in the use of phages in the fight against 

infectious diseases [2]. Phages are the most abundant bacterial group in the world. Life 

cycles are strictly related to brain cells. Phages are also called parasites or viruses because 

they do not have the cell structure and enzymes necessary for food, protein synthesis or 

the production of new products, and harmful bacteria can recycle in cells. The ubiquity of 

phages is important in enhancing their penetration and ability to fight disease. Phages 

have been isolated from natural environments, including human and animal waste, 

sewage, water bodies, soil, food, and other organisms [3]. The genetic material in these 

organisms is encapsulated in a protein coat in the form of DNA or RNA [4]. According to 

the DNA structure, phages can be divided into three groups: phages with double-stranded 

DNA, phages with single-stranded DNA, and phages with RNA. Most phages are known 

to have a genome composed of double-stranded DNA. Based on capsid symmetry, two 

types of phages can be distinguished: isometric (polyhedral) and spiral phages [5]. 

 

 Phage Replication Cycle: The replication of phages and eukaryotic viruses is similar 

in many ways. Both are required for the adsorption, penetration, replication of nucleic 

acids, formation of virus particles and their release from host cells. Phages bind 

specifically to specific bacteria and have potent bactericidal activity against Gram-

positive and Gram-negative bacteria. Some phages show affinity for a single organism 

type, while others have a broad spectrum of activity. The specificity of phages and the 

diversity of their activities depend on the presence of bacterial cell surface receptors, 

from which we can distinguish LPS fragments, pili and other surface proteins [6].  

 

Most phages, except filamentous phages, have polyhedral capsids. The capsid 

attaches to a tail containing fibers used to attach to the receptor or to the bacterial cell 

surface [7]. Phages become infected and multiply in two ways; lytic life cycle and 

lysogenic cycle. 

 

 Lytic Cycle: The lytic cycle is characteristic of phages and consists of bacterial cell-

associated adsorption and binding of phage proteins to pre-recognized receptors of 

bacterial cells such as Gram-positive or Teichoic acid and lipoteichoic acid. 

Lipopolysaccharide (LPS) for Gram-negative bacteria [8]. 

 

 The Penetration Phase: This phase consists of the rupture of the cell wall of the 

bacteria by the bacteriophage enzymes and insertion of the genetic material into the 

host cells. 

 

 Eclipse Phase: Next phase if the eclipse phase, which involves the replication of 

nucleic acid and proteins comprising the structural part of the capsid, while 

replication of the bacterial DNA is subdued. This is accompanied by the formation 

and maturation of the bacteriophage, lysis of the bacterial cell and the liberation of 

daughter phages. These daughter phages are then capable of infecting other cells [9]. 
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T1 and T4 are the examples of bacteriophages that undergo lytic cycle.   

 

 Lysogenic Life Cycle: This cycle involves the integration of the genetic material of 

the phage into the bacterial chromosome and its replication as part of the bacterial 

DNA, resulting in the emergence of a prophage [6]. When a phage resides on a 

chromosome, it is called a prophage and replicates with the bacterial genome during 

cellular replication. Often prophages encode virulence genes that can be transferred 

horizontally from one pathogen to another via a process called transduction [10]. 

Phages with the lysogenic cycle include λ E. coli; Mu against E. coli, Salmonella, 

Citrobacter and Erwinia; MM1S. lung inflammation; and φ11 Staphylococcus aureus 

[11].  

 

There are many different routes of phage infection, including chronic 

infection, pseudo lysogenic infection, and abortion, depending on the environment 

and the type of infected cell. Not all cause cell death and phage particle replication. 

 

In general, the production of daughter virions does not involve lysis of the 

infected cell, so virions are not released extracellularly [9]. If severe conditions such 

as ultraviolet (UV) radiation occur, the prophages will disappear due to bacterial lysis. 

Phages are known to be ubiquitously important, infecting more than 140 genera, and 

can be considered the most biologically diverse with about 10
31

 phages in the world 

[12]. 

 

2. Biofilm- Formation, Dispersal and the Risk of Dissemination: Biofilm formation 

consists of several stages such as reversible attachment, irreversible attachment, 

colonization, maturation and dispersal. Organisms living in biofilms have unique 

mechanisms that ensure attachment to the origin site, colony formation and growth of the 

ecosystem, and the continuous degradation of biofilms. The adhesion of bacteria to 

surfaces can be accelerated by factors such as strong shear strength, bacterial mobility, 

and electrostatic interactions between the bacteria and the surface. In the case of 

"reversibly attached", there are equal amounts of attached bacteria and free-floating 

bacteria. However, many types of microbial cells readily attach to the surface, including 

flagella, pili, pili, and glycocalyx. In terms of microbial attachment to medical devices, 

cell-cell adhesion of bacteria to biomaterials and biomaterial-surface interactions are 

explained. For example, staphylococcal bacteria express cell surface proteins, particularly 

staphylococcal surface proteins-1 and -2 (SSP-1 and SSP-2), are limited to pilus-like 

polymers on the cell surface and are associated with S. epidermidis adhesion. relating to. 

polystyrene [14]. In addition, capsular polysaccharide/adhesin plays a role in optimizing 

coagulase-negative staphylococcal isolates for biomaterials [15]. Also, S. epidermis 

affects the adhesion of these bacteria to the polymeric surface; This protein not only 

adheres to the polystyrene surface, but can also bind to vitronectin, suggesting that 

bacterial adhesion to this role will be at an initial level. Adhesion to plasma protein coated 

polymer surfaces. 

 

 Molecular Signalling of Biofilm: As the density of cells in old biofilms changes, 

gene expression of cells in the biofilm is controlled by a process called nucleation 

detection (QS). Thanks to this system, bacteria secrete chemical signals called auto 

inducers, which are constantly produced and increase as the biofilm density increases. 
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Some of the important factors required for bacterial survival in biofilms are prepared 

by physiological processes such as motility, sporulation and release of harmful 

substances; all change when the concentration of auto inducers that continue to cause 

gene mutations reaches a critical level. Gram-negative bacteria and Gram-positive 

bacteria secrete acyl homoserine lactone molecules and oligopeptide molecules, 

respectively [16]. It has been reported that Pseudomonas aeruginosa biofilms are 

associated with N-(3-oxo-dodecanoyl)-L-homoserine QS molecules. It was also 

investigated that N-(3-oxo-lauroyl)-L-homoserine QS molecule plays a role in 

suppressing the host's immune system and increasing the virulence of Pseudomonas 

aeruginosa biofilms [17]. 

 

 Dispersal or Detachment of Bacteria from a Biofilm and the Risk of 

Dissemination: When the site of the biofilm bursts and can form new areas, this 

drastic decision affects the host; this is a process called biofilm dispersal, which 

further promotes distribution in the host (Donelli, 2006). Biofilm propagation is a 

process that occurs at the end of the biofilm life cycle, where cells in the biofilm, 

which are part of a complex, static, slow-growing microbial population, are dispersed. 

In contrast, most infectious diseases are highly contagious [18]. Interestingly, blast 

cells are truly specialized cells, unlike biofilm-derived bacteria, and in addition, blast 

cells have the ability to attach to a new location and initiate biofilm growth. 

 

The intracellular molecule cyclic di-GMP (c-di-GMP) has been reported to 

regulate the transition from biofilm to planktonic phenotype. It has also been 

investigated that the decrease in intracellular c-di-GMP may lead to the deterioration 

of some diseases. This intracellular molecule acts as a second messenger molecule in 

the bio membrane and is responsible for the intracellular diffusion mechanism [19]. 

Biofilm dispersal affects not only motile organisms but also non-motile organisms. 

Let's take S. aureus as an example. In S. aureus, not only has the challenge of agr-

related QS regulatory genes been shown to be involved in biofilm formation, but its 

activation has also been reported to promote the release of S. aureus cells from 

biofilms. Various conditions, such as changes in nutrients, temperature, and oxygen, 

trigger the diffusion process. Sometimes bacteria in biofilms can be associated with 

infection with the help of chemical markers such as acyl homoserine lactones, 

diffusible fatty acids and peptides. 

 

II. FACTORS INFLUENCING BIOFILM FORMATION 

 

Biofilms and Health Care Associated Infections: Today, home medical devices such as 

urinary catheters, central venous catheters, endotracheal tubes (ETTs), endotracheal devices, 

heart valves, peritoneal nephrostomy medical devices and other household devices have 

become important tools in the treatment of hospitalized patients. These home medical devices 

are mostly used in hospital patients and are suitable for more than 25% of hospital patients. 

Risks associated with microbial infection and biofilm formation increase morbidity and 

mortality in hospitalized patients. The problem is directly related to the time the medical 

equipment is implanted in the hospital, the longer the time, the greater the risk of biofilm in 

the patient [13]. 
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Figure 1 

 

Nosocomial infections (HCAIs) can be caused by a variety of risk factors, including 

prolonged hospitalization, immunocompromised patients (post-chemotherapy, transplant 

patients, and patients with genetic diseases), invasive procedures, and home wound care 

(HPA, 2012a). The largest cause of HCAI is the nosocomial "supergerm" methicillin-

resistant Staphylococcus aureus (MRSA), a common cause of sepsis or bacteremia in the 

healthcare setting. Although many organisms, including fungi, bacteria, viruses and prions, 

can form biofilms on medical devices, bacteria are the most common HCAIs (HPA, 2012b). 

Bacteria can spread to medical equipment through the skin of patients or medical personnel, 

contaminated water, or other external environmental sources. Too few bacteria can 

contaminate medical equipment and can extend to equipment problems. Although many 

diseases have been investigated in the treatment of infectious diseases, the most common 

bacteria associated with biofilm formation on medical devices and widely considered to be 

the main cause of HCAI are Staphylococcus epidermidis and Staphylococcus aureus [14]. 

 

Micro-organisms such as A. baumannii, E. coli, K. pneumoniae and P. aeruginosa 

have been recognized as multidrug -resistant Gram-negative bacteria and are becoming more 

widespread in long-term care facilities and acute care hospitals. In actuality, these species are 

frequently the reason of biofilm-based HCAIs, including catheter–associated urinary tract 

infection (CAUTI) [21]. 

 

III. PHAGE THERAPY 

 

In 1919, phages were first used as a therapeutic agent in human, that was the time 

when they were just discovered [22]. Phage therapy started back in 1896, when the existence 
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of antibacterial activity against Vibrio Cholera the causative agent of cholera was first 

reported by Ernest Hankin, cholera was considered one of the deadliest peril humans had 

faced. Frederick Twort, in 1915 hypothesized that antibacterial activity could be due to the 

phage, but he did not follow his discovery therefore in 1917, bacteriophages were discovered 

by Fe’lix d’He’relle. In 1925, d’He’relle drew attention towards phage therapy by reporting 

the treatment of plague (four types) by anti-plague phages. The Eliava institute in Tbilisi 

Georgia is considered the pioneer in this regard where phage therapy is extensively studied 

and applied [23]. 

 

1. Phages as Antibacterial Agents: Phages are prominent candidates for exploitation as 

antibacterial agents as they are the natural killers of bacteria. Phages have multiple 

intrinsic characteristics which make them delightful candidate for such applications. 

Phages cannot incorporate their DNA into the genome of eukaryotic cells or can replicate 

in such cells. They are highly specific in their bactericidal potential. Some phages are 

strain specific and they normally target a single bacterial species, which means that there 

is little or no effect on the natural microbiota of the patient/animal. This is a powerful 

advantage over the many broad range anti-microbials (including antibiotics) which are 

commonly used now a days. Besides, there have been no reports of harmful effects on 

eukaryotic cells by purified phages. Phages are non-toxic in nature because humans are 

exposed to phages in the natural environment every day without any adverse side effects. 

Phages multiply in the presence of the target bacteria and are not able to multiply in its 

absence and thus ultimately get eliminated from the human/animal which indicates that 

the phages are considered to be self-dosing. Phages also have the aptness to lyse bacteria 

present in a biofilm, mucous membrane and suppurative wounds. These are bacterial 

niches, which are unsuitable for treatment with antibiotics [24]. 

 

2. Other Potential Applications of Bacteriophages 

 

 Phage Display: In 1985, Smith first proposed phage display. Phage display is 

probably the first phage used as a tool in modern biotechnology. Phage display is a 

unique molecular technique for combining peptides with new products. In this 

process, the protein-coding DNA is fused to the phage coat protein gene and the 

desired protein is expressed on the surface of the phage fragment or phage. The most 

widely used phage in phage display technology is M13, the filamentous phage of 

Escherichia coli. In addition, phages such as lambda phage and T7 phage are widely 

used in phage display systems [4]. 

 

Phage libraries can be used for analysis and isolation of peptides, these peptide 

molecules are specific and have a good relationship with the target protein. These 

unique peptides can be used as reagents in drug development to validate molecular 

recognition as well as reduce receptor limitations. These peptides can also be used as 

therapeutic agents by inhibiting receptor-ligand interactions or acting as agonists [25]. 

 

Other than this, phage display can be used for various applications which 

include mapping of epitopes, in vaccine design, in study of interaction between 

protein-protein, in determination of specificity of enzymes and inhibitors, screening 

for anticancer peptide and protein and in the screening for receptors [26]. 
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 Phage Typing: Phages can infect and destroy only one or a few types of organisms, 

making them unique to their hosts. The specificity of these phages is very useful and 

widely used in bacterial infections, making them useful for typing viruses, a process 

called phage typing and detection of viruses [27]. In phage typing, specific phages use 

sensitive models to identify microbial pathogens. The sensitivity of detection can be 

increased if phages that bind to bacteria are detected by specific bacteria [28]. To 

identify unknown bacteria, many different phages are placed in the lawn of unknown 

bacteria, plaques (open areas) will form on the lawn when the phages start to infect 

and degrade a certain type of bacteria, which is easier for Research to identify the 

disease. specific diseases. In addition, there are other methods commonly used to 

identify pathogenic bacteria; such as the use of phages that specifically provide genes 

(such as Lux) or the use of green fluorescent protein expressed after infection. [4]. 

 

 Phages used as Vehicle for the Delivery of Vaccines: Phages are widely used as 

vaccine delivery vehicles. Phages can be used in two different ways. First, phages can 

be used directly, they carry antigens to their surface. Second, in DNA vaccines, the 

genes responsible for the synthesis of antigens are first integrated into the phage 

genome, which then blocks the DNA, which will act as a vehicle for vaccine delivery. 

Phage can be generated using phage display technology to display antibody peptides 

on its surface [4]. All antigenic peptides expressed in phage have been used as 

vaccines in animal models in various studies. 

 

 Phages used in Targeted Gene Delivery: Phages have been used as special delivery 

vehicles and are widely used [29]. The phages used for gene delivery are similar to 

those used for DNA vaccine delivery, in which the inner DNA is protected by the 

phage's coating. The phage coating protects the DNA from degradation after injection. 

The ability of phages to display foreign proteins on their surface allows them to target 

specific cells necessary for effective gene therapy. Phage display and covalent 

conjugation are widely used to release targets and form molecules on the phage 

surface [30]. 

 

 Phages Therapy in Plants: For the elimination of plant pathogens, bacteriophages 

have been widely used as a bio-control. Phage mediated bio-controls of plant 

pathogens such as Xanthomonas pruni associated with the infection of cabbage, 

peppers and peaches, Ralstonia solanacearum cause infection in tobacco. They have 

been successfully used against Xanthomonas campestris cause spots on tomatoes and 

against Pseudomonas talaasi which cause blotch of mushrooms [31]. 

 

The use of phage therapy in plants is still in its infancy. New phages are 

continually being discovered and used in many ways for the use of phage therapy. 

Treatment of infected crops with the aid of phage therapy has been successful, 

including the treatment of some diseases associated with soybean blight [32]. Many 

phages have been approved by the US Food and Drug Administration (FDA) for use 

in products intended for human consumption. Many companies and organizations are 

focusing on the discovery, isolation, and commercialization of phage products to 

control disease, healthcare, and food processing in the environment, and in hopes of 

reducing product losses and production costs [33]. 
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 Phage Therapy in Animals: Bacteriophages are widely used for the treatment and 

elimination of infection in chickens, claves, pigs and lambs, infections caused by 

Escherichia coli and Salmonella. In 1983, experiment performed by Smith and 

Huggins proves that, a single dose of phage R is very effective in preventing death in 

mice due to septicemia caused by E. coli, this infection cannot be treated with 

multiple doses of antibiotics. They eventually used bacteriophages for the treatment of 

infections caused by E. coli (entero toxigenic) in neonatal lambs, calves and pigs [34]. 

Animal studies have shown that phage therapy works in animal system. However, 

many experiments with animals, recommended that the therapeutic application of 

phages in animals have some advantages over antibiotics. 

 

 Phages in Food Industry: Foodborne diseases are the contamination of food that are 

caused by many pathogenic bacteria. Currently, food borne pathogens like Listeria 

and Salmonella, followed by E. coli and Campylobacter jejuni are the major cause of 

death. Bacteriophages can be used effectively and safely to eradicate the food born 

pathogenic bacteria that contaminate the food. For example, Listeria phage P100 

(under the commercial name Listex P100) was developed to eradicate biofilms 

present in processed meat products and on factory working surfaces, and has already 

been authorized in the United States by the Department of Agriculture (Fister et al., 

2016). Other commercial bacteriophages products have been targeted for other 

pathogenic species as for example S. enterica or E. coli (Salmofresh
TM 

and 

ScoShield
TM

, respectively) [35]. 

 

 Eradication of Biofilm by Phages: Formation of biofilm is an important strategy that 

is adopted by the bacteria for the survival purpose. During this strategy, 

microorganisms secrete huge amount of extracellular polymer. Microorganisms’ 

aggregates to form biofilm either on living or non-living surfaces. Normally, 

environmental conditions stimulate most of the bacteria to form biofilm. In humans, 

formation of biofilms causes severe diseases and the biofilm is resistant to antibiotics 

and host immune system. An alternative therapy must be needed to control biofilm-

associated diseases, since biofilms are resistance to anti-microbial drugs [36].  

 

But outside of the capsid, phages are equipped with enzymes (such as EPS 

deloplimerase) that break down extracellular polymers and infect bacterial biofilms, 

allowing the phage to enter bacteria embedded in the EPS matrix. Once the lytic cycle 

is complete, the phage offspring are released, removing the biofilm embedded in the 

bacterial layers, increasing biofilm dispersal. In order to prevent biofilms, high doses 

of vaccines are often needed to observe the effects of biofilms with minimal biohit. 

 

In one of the studies, Gabisoniya found that the implementation of phages on 

in-vitro colonies of the pathogen P. aeruginosa not only prevented additional biofilm 

formation but it also degraded existing biofilm. Biofilm formed on the surface of the 

medical devices by L. monocytogenes P. aeruginosa, and Staphylococcus epidermidis 

have been eliminated via phage treatment [38].  

 

These discoveries are highly admissible to the problem of persistent infections 

caused by implanted medical devices such as catheters, lenses, and prostheses where 

biofilm formation is common. 
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IV. ADVANTAGES OF PHAGE THERAPY 

 

Phages are natural, latent and special agents with many therapeutic advantages over 

conventional antibiotics. Phages can control bacterial cells by inducing bacterial lysis. It is 

known that phages are active against both Gram-positive and Gram-negative bacteria and are 

also active against bacteria that are highly resistant to antibiotics in the environment [39]. 

 

Bacteriophages have some of the most desirable properties and important advantages 

that make them enthralling applicant for tackling antibiotic resistance in bacteria. Some of the 

most important advantages are given as follows: 

 

 Bacteriophages are environmentally friendly. 

 Isolation and identification of suitable bacteriophage for the phage therapy is rapid, 

relatively easy and cost effective. 

 Bacterial resistance against phage develops about ten times slower than the resistance 

to that of antibiotic [40]. 

 Under very harsh environmental conditions, phages tend to replicate continuously and 

they remain infective until the host bacterial population density has been significantly 

reduced [41]. 

 Once the bacteria get lysed by the lytic phage it will not be able to regain its viability; 

by contrast antibiotic therapy, in which the targeted bacteria might not get killed, 

which facilitate the development of antibiotic resistance [42]. 

 

Apart from these generalized advantages there are some specific advantages that the 

phage therapy have, they are as follows: 

 

 Phages are considered to self-dosing or auto-dosing, because phages are capable of 

increasing in number in the presence of host bacteria (depending on the host 

population density) and are not able to multiply in its absence and thus ultimately gets 

eliminated from the human/animal. 

 Bacteriophages are highly specific for their host cell is another advantage of phage 

therapy over antibiotics. They target specific bacterial strain without affecting the 

normal beneficial bacterial micro flora of the body, due to this property the chance of 

secondary infections is reduced. 

 Low inherent toxicity, phages are inherently non-toxic, since phages consist mostly of 

nucleic acids and proteins. Most of the phages exhibit relatively narrow host range 

which limits the number of bacterial types with which selection for specific phage-

resistance mechanism can occur. Thus, the chances of resistance associated with 

phage therapy is low. Because when phages infect and kill bacteria, the mechanism 

they use is different from those of antibiotics, specific antibiotic resistance mechanism 

do not translate into mechanism of phage resistance. 

 Bacteriophages are non-toxic to humans, thus there are no severe side effects and is 

suitable for use in humans, since phage do not infect eukaryotic cells [40]. 
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