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Abstract Bacteriophages, as the most dominant and
diverse entities in the universe, have the potential to be one of
the most promising therapeutic agents. The emergence of
multidrug-resistant bacteria and the antibiotic crisis in the last
few decades have resulted in a renewed interest in phage
therapy. Furthermore, bacteriophages, with the capacity to
rapidly infect and overcome bacterial resistance, have
demonstrated a sustainable approach against bacterial
pathogens-particularly in biofilm. Biofilm, as complex
microbial communities located at interphases embedded in a
matrix of bacterial extracellular polysaccharide substances
(EPS), is involved in health issues such as infections associ-
ated with the use of biomaterials and chronic infections by
multidrug resistant bacteria, as well as industrial issues such
as biofilm formation on stainless steel surfaces in food
industry and membrane biofouling in water and wastewater
treatment processes. In this paper, the most recent studies on
the potential of phage therapy using natural and genetically-
modified lytic phages and their associated enzymes in fighting
biofilm development in various fields including engineering,
industry, and medical applications are reviewed. Phage-me-
diated prevention approaches as an indirect phage therapy
strategy are also explored in this review. In addition, the
limitations of these approaches and suggestions to overcome
these constraints are discussed to enhance the efficiency of
phage therapy process. Finally, future perspectives and
directions for further research towards a better understanding
of phage therapy to control biofilm are recommended.

<4 Ramesh Goel
ram.goel @utah.edu

Department of Civil and Environmental Engineering,
University of Utah, 110 S Central Campus Drive,
Salt Lake City 84112, UT, USA

Keywords Biofilm - Phage therapy - Genetically-
modified phage - Membrane biofouling - Engineered
phage - CRISPR

Introduction

Bacteriophages (phages) are viruses that infect only
prokaryotes. They are the most ubiquitous and abundant
organisms on Earth with an estimated total number of 10
phages on the planet (Hanlon 2007). Phages play a sig-
nificant role in maintaining microbial community balance
on the planet (Sulakvelidze 2011). Although phages were
discovered more than a century ago, lack of knowledge on
phage biology and the discovery of antibiotics in the mid-
1940s resulted in disregarding of phage applications.
However, emergence of multi-drug resistant bacteria as the
consequence of overuse of antibiotics in the last few dec-
ades has renewed interest in, and the urgent need for, other
alternative antibacterial strategies including phage therapy.
In addition, biofouling, i.e. the formation of biofilm, on
stainless steel surfaces in food processing and membrane
reactors performing water and wastewater treatment, is an
unwanted situation and a major issue impacting the long
term sustainability of these processes.

Biofilm is complex aggregates of structured microbial
communities located at interphases and embedded in a
matrix of bacterial extracellular polysaccharide substances
(EPS) (Costerton et al. 1999). Through diverse metabolic
processes and interactions between individual compo-
nents, biofilm exhibit dynamic structural characteristics.
The bacterial cells within a biofilm may not be at the
same growth phase and thus form a phenotypically
heterogeneous construction (Hall-Stoodley et al. 2004).
The combination of an exopolysaccharide matrix, i.e.
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EPS, and phenotypic heterogeneity of the constituent cells
confer on the biofilm a significant resistance to chemical
and immunological approaches (Burrowes et al. 2011).
Biofilm is a long-term survival strategy employed by
bacteria and involved in 60 % of all microbial infections
associated with the use of biomaterials, chronic infection
with multi-drug resistant bacteria, as well as industrial
issues such as biofouling (Percival et al. 2012; Wu et al.
2015). Many studies have been focused on developing
efficient physical, chemical, and biological methods for
biofilm prevention and disruption (Taylor and Webster
2009; Musk et al. 2006; Xiong and Liu 2010). However,
due to significant increases in tolerance to antimicrobial
agents, the emergence of antibiotic resistant bacterial
strains, the presence of EPS matrices, and the effects of
biofilm age, researchers are increasingly studying alter-
native strategies such as the use of bacteriophages to fight
biofilm development.

Bacteriophage life cycles, properties
and advantages

The genetic material of bacteriophages is contained in a
protein capsid. Majority of phages have helical or icosa-
hedral capsid construction (Lidmar et al. 2003; Lodish
et al. 2000). The capsid is connected through a collar to a
tail composed of tail fibers with tips (Orlova 2012). The tail
fibers recognize receptors on the bacterial cell surface,
which determine the range of phage’s host organisms.
Depending on the specificity of the receptors, phages can
be categorized into monovalent phages with the capacity to
infect a specific bacterial species or strain, and polyvalent
phages that are able to adsorb to bacterial surfaces enabling
them to infect across different bacterial species or even
genera.

Bacteriophages can be categorized into two major
classes according to their life cycle: virulent (lytic) phages
and temperate (lysogenic) phages (Guttman et al. 2004;
Lodish et al. 2000). As shown in Fig. 1, during a lytic
cycle, virulent phage particles attach to the host bacterial
surface, inject their genetic material into the host’s DNA,
replicate their DNA using host machinery, and then
assemble their structural components until lysing the host
cell and releasing new phage progenies into the environ-
ment. During the lysogenic cycle, temperate phages inte-
grate their genome onto the host chromosome, remain as a
prophage within the bacterium and vertically transmit, by
cell division, its progeny until the lytic cycle is induced
(Casjens 2003; Motlagh et al. 2015). Although only lytic
phages generally qualify for therapeutic purposes, lyso-
genic phages can also be exploited therapeutically to
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transfer genes for making the bacteria more susceptible to
other factors such as antibiotics (Lu and Collins 2009).

The greatest characteristic of phages that makes them
riveting for therapeutics is their high specificity of infection
(Koskella and Meaden 2013). The specificity of the
receptors on the bacterial cell surface determines the range
of phage host organisms resulting in phages typically rec-
ognizing only a limited range of bacterial strains, and
reducing the damage to the overall microbial community
structure (Modi et al. 2014). This host-specificity selection
confers an array of advantages compared to antibiotics
which affect the entire microbial community structure,
rather than the intended target pathogen (Chibani-Chen-
noufi et al. 2004).

Bacteriophages multiply at the site of infection and only
when the bacterial hosts are available. Therefore, propa-
gation of phages depends on the presence of their host with
self-limiting and self-dosing properties (Kutter 2005). In
addition, although phage-based therapeutic approaches
have their own limitation and bacterial resistance to bac-
teriophages may be developed, but phage treatment is
usually applied only in one treatment dose and the chance of
cumulative mutations with phage resistance is much lower
(Alisky et al. 1998). Furthermore, phage therapy can be a
successful method to use when addressing the challenge of
biofilm as some phages are capable of synthesizing specific
enzymes such as polysaccharidases, polysaccharide lyases,
or hydrolases which are able to degrade exopolysaccharide
structural networks-a major component of biofilm-even
before they begin interacting with their specific hosts within
the biofilm (Wittebole et al. 2014; Drulis-Kawa et al. 2012).
Previous studies showed that these enzymes can be syn-
thesized with phages interacting with strains of Escherichia
Coli (Chibeu et al. 2012), Pseudomonas Aeruginosa (Han-
lon et al. 2001), Pseudomonas Putida (Cornelissen et al.
2011), Erwinia amylovora (Born et al. 2014), and other
ESKAPE pathogens (Bales et al. 2013).

Phage therapy applications for biofilm control

In this review, phage therapy applications for biofilm
control are categorized into two major sections: medical
and industrial applications. The biofilm that develop on or
within indwelling medical devices is one of the major
components of bacterial infection in patients using those
devices which can be prevented and controlled using bac-
teriophages. Besides medical applications, using bacterio-
phages in biofilm control in industrial applications such as
stainless steel surfaces in food processing and membrane
reactors in water and wastewater treatments facilities is
another approach that is reviewed in this article. Figure 1
illustrates the schematic diagram of typical phage therapy
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Fig. 1 Phage therapy mechanisms to control bacterial biofilm
through phage mediated disruption. As labeled in the figure, the
steps of biocontrol of biofilm using bacteriophages include: 1
application of phages, 2 initiation of biofilm EPS disruption through
virion associated enzymes such as dispersin B (DspB) or EPS

mechanisms on bacterial biofilm and the following disin-
tegration of the biofilm.

As biofilm consist of complex microbial communities
embedded in an extracellular polysaccharide substance
(EPS), their interactions with phages are also relatively
complex and diverse. Bacteriophages may infect biofilm-
forming bacteria (Merril et al. 2003; Curtin and Donlan
2006; Harper et al. 2014), planktonic bacteria passing
through a biofilm, or disrupt the stability of the EPS by
producing degrading enzymes (Leiman et al. 2004; Lu and
Collins 2007; Yan et al. 2014). In addition, imaging tech-
niques such as atomic force microscopy (AFM) have
shown the heterogeneity of biofilm structures with a
diverse distribution of cells, extracellular matrix, and
water-filled channels and pores (Zaky et al. 2012) that may
facilitate phage access inside the biofilm. An increase in
the medium composition and the amount of nutrients
causes an increase in bacterial cell growth, which results in
larger burst sizes, shorter eclipse and latency periods, and

Lysogenic Cycle

depolymerases, 3 biofilm disruption through disintegration of EPS
networks and exposing the bacteriophage infection, and 4 complete
disintegration of biofilm and bacterial cell lysis. ABX stands for
antibiotics

eventually expedited phage therapy processes (Krogfelt
et al. 1993; Poulsen et al. 1995; Letarov et al. 2010).
Although phages have significant capacity as antimi-
crobial agents for biofilm control, several factors may
reduce the efficiency of lytic phages resulting in an impact
on the effectiveness of phage therapy. As bacterial com-
munities in biofilm are surrounded by a polysaccharide
matrix, phages may not be able to penetrate into deeper
layers of the biofilm to reach the host cells (Briandet et al.
2008). In fact, EPS can act as a shelter or shield to protect
the bacteria in the biofilm and decrease their susceptibility
to antibiotics or other biocides. Therefore, the fundamental
step in a phage infection, i.e. initial adsorption of phage
particles on the bacterial cell surface with specific recep-
tors, may not occur (Doolittle et al. 1996). However, some
phages have accompanying polymerase enzymes to
hydrolyze the EPS and reach the lipopolysaccharide (LPS)
and outer membrane proteins (OMP) of the exposed sur-
face of the bacterial cell (Glonti et al. 2010). Additionally,
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phages can be genetically modified for depolymerase
synthesis to produce EPS-degrading enzymes (Azeredo and
Sutherland 2008; Donlan 2009). Indeed, extracellular pro-
teins and polysaccharides are two main components of the
most EPS matrices, and therefore the proteolytic enzyme
(protease) and polysaccharases enzyme are two main EPS-
degrading enzymes that can be applied for biofilm
detachment (Loiselle and Anderson 2003). However, these
enzymes are not stable in the environment, and high pH,
temperature, or salt concentrations could denature them
leading to a decrease in enzymatic activity. Therefore,
using phages that have evolved to naturally synthesize and
produce these enzymes in situ can significantly increase the
success of the EPS degradation process.

The other decisive factor in phage-based control of biofilm is
the appropriate use of the phage-to-host ratio (PHR) for the
treatment process. As it was shown in the Hanlon et al. (2001)
study, a 100:1 phage:host ratio caused a 1 log reduction in P.
aeruginosa biofilm viable count while a 1000:1 phage:host
ratio caused 10 times more with 2 log reduction after 24 h of
treatment. In another study treating 72 h E. coli K12 biofilm
with phages for a short period of 30 min also showed greater
biofilm disruption with phage:host ratio of 100:1 compared to
10:1 ratio (Corbin et al. 2001).

Phage therapy for biofilm control in medical applications

The formation of biofilm involves an initial attachment of
bacterial cells to the surface followed by formation of
micro-colonies and maturation of the biofilm (Motlagh
et al. 2013). Therefore, the first strategy for use of bacte-
riophages in fighting biofilm is prevention and blockage of
adhesion and proliferation of bacteria and biofilm devel-
opment. Preventing the development of Listeria monocy-
togenes biofilm on stainless steel surfaces (Hibma et al.
1997) was one of the first studies that contributed to further
phage therapy research for medical applications such as the
study conducted by Curtin and Donlan (2006) to inhibit
Staphylococcus epidermidis biofilm on the surfaces of
medical devices. Eradication of Pseudomonas fluorescens
biofilm at an early stage of biofilm development (Sil-
lankorva et al. 2004) and pre-treatment of an in vitro model
to prevent P. aeruginosa biofilm on medical catheters (Fu
et al. 2010) were some of the studies on antibiotic-resistant
pathogens that proved the effectiveness of phage therapy.

The conventional phage therapy approach is the
administration of naturally-isolated virulent phages directly
to the targeted bacterial strains with the goal of lysing the
bacterial host responsible for an acute or chronic infection.
The combination of therapeutic phage application with
antibiotic treatment was a step beyond the traditional phage
therapy approach for biofilm control. Studies of
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antimicrobial synergy between phages and antibiotics have
shown that sub-lethal concentrations of certain antibiotics,
typically involved in cell division inhibition, increases the
biosynthetic capacity of the bacterial host, which conse-
quently increases the phage production and ultimately
accelerates cell lysis (Comeau et al. 2007; Bedi et al. 2009;
Ryan et al. 2012). In fact, the mechanisms of DNA repair
system in the bacterial host was studied to be disabled
using modified and engineered M13 phage by overex-
pressing lexA3 gene to suppress the SOS system resulting
in inhibition of emergence of antibiotic resistance and
enhance of bacterial killing (Lu and Collins 2009).

Another promising alternative in phage therapy is using
phage gene products such as endolysins rather than
implementing entire virions (Fischetti 2005; Nelson et al.
2012; Schmelcher et al. 2012). This approach eliminates
the possibility of transmitting toxic properties through
transduction to bacteria by phages (Hermoso et al. 2007)
and reduces the risk of emergence of bacterial-resistance to
phages (Borysowski et al. 2006). One drawback of this
approach is the non-specificity of endolysin for Gram-
negative bacteria due to their impermeable outer membrane
(Nobrega et al. 2015), which makes this alternative inef-
fective for Gram-negative biofilm.

Synthetic biology of phages through the use of modular
designs to develop more effective phages for the eradica-
tion of bacterial biofilm is also a novel approach that has
been studied in recent years. Genetically modified phage
T7 was able to disrupt bacterial biofilm by expressing
dispersin B as an EPS depolymerase and degrading enzyme
(Lu and Collins 2007). As a result, the engineered T7
phage showed promising results in significantly increasing
the in vivo destruction of E. coli biofilm compared to use of
the parent T7 strain or dispersin B enzyme alone.

In another study, genetically-engineered temperate
phages were exploited to deliver a functional DNA
nuclease, clustered regularly interspaced short palindromic
repeats (CRISPR) CRISPR-associated (Cas) system into
the genome of antibiotic-resistant bacteria, which repealed
antibiotic resistance, eliminated the transfer of resistance
between strains, and destroyed both antibiotic resistance-
conferring plasmids and genetically modified lytic phages
(Kiro et al. 2014; Yosef et al. 2015). Another study by
Bender et al. (2015) highlighted the importance of using
engineered phages for developing non-antibiotic drugs as
therapeutics for the treatment of Clostridium difficile
infections. These strategies can be used to facilitate the
replacement of antibiotic-resistant pathogens embedded in
bacterial biofilm with susceptible bacterial strains that can
be eliminated with a combination of antibiotic treatments.

In order to improve the antimicrobial effects of phages
to control biofilm, a range of genetic tools have been
studied in the last few years to shape phages’ biological
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Table 1 A review of possibilities for phage genetic modifications to improve their infection potential for biofilm control

Phage Genetic modification Example References
biological
component
Capsid Activity improvement Expression of enzymes such as depolymerase or dispersin Lu and Collins (2007)
B
Generation of long-circulating Specific point mutation Merril et al. (1996)
phages
Gene insertion/deletion to Insertion of restriction endonuclease genes Hagens et al. (2004) and
minimize inflammatory responses n¢roduction of modified holin genes Matsuda et al. (2005)
Elimination of export protein genes
Gene deletion to change lysogenic  Deletion of vir genes Rapson et al. (2003)
phages into a lytic type
Recovery or specificity tag Changing the surface polypeptides, i.e. phage display Sidhu (2001)
Extend phage survival after Mutation in the major capsid protein Merril et al. (1996) and
administration Vitiello et al. (2005)
Tail & tail DNA motor packaging Delivering antimicrobial agents Westwater et al. (2003)
fibers

Modification or addition of phage components responsible

Expression of enzymes such as endosialidase

Scholl et al. (2005)
Yoichi et al. (2005)

for host binding

Phage efficiency enhancement in
combination with antibiotics

Reverse pathogen drug resistance by injecting specific

Overexpression of proteins that enhance antibiotic killing
of wild type and antibiotic-resistant bacteria

Lu and Collins (2009)

Edgar et al. (2012)

genes for a sensitizing cassette

Phage efficiency enhancement by
engineering genomes using
CRISPR-Cas system

Efficient engineering of a bacteriophage genome using the

Deliver a functional DNA nuclease such as CRISPR into
the genome of antibiotic bacteria

Yosef et al. (2015)

Kiro et al. (2014)

type I-E CRISPR-Cas system

properties. Table 1 shows a summary of possibilities for
genetically modified improvements to phage therapy for
biofilm control.

Phage therapy for biofilm control in industrial applications

Preventing the biofilm development on stainless steel sur-
faces using phages is also significantly contributed to food
processing industry. The presence of extra nutrients in the
food production processes intensifies the opportunity for
the development of biofilm, which leads to serious hygienic
issues and economic losses due to food spoilage (Srey et al.
2013). Previous researches showed the potential of bacte-
riophages in removing biofilm of Listeria monocytogenes,
as one of the most prevalent foodborne pathogens (Soni
and Nannapaneni 2010; Chaitiemwong et al. 2014). In
addition, study of bacteriophages application in post-pro-
duction processes to prevent growth of food spoiling bac-
teria such as Staphylococcus aureus (Garcia et al. 2007),
E. coli O157:H7 (Abuladze et al. 2008), and Salmonella
enterica (Kocharunchitt et al. 2009) also showed their
significance in post-harvest biofilm biocontrol.

Membrane biofouling, i.e. biofilm formation by
microorganisms leading to the fouling of membranes, is a
major issue encountered in the membrane filtration process,
which plays a significant role in determining their practical
applications in water and wastewater treatment. As a
response to membrane biofouling, the net flowrate passing
through the membrane reduces over time, eventually
resulting in a need to replace the membrane module.
Although both physical and chemical methods are cur-
rently employed to cascade the biofilm, the cost and
energy, as well as operational issues, are concerns about
these processes for biofouling control (Le-Clech et al.
20006). In addition, the EPS matrix that surrounds biofilm is
believed to be an irreversible foulant of membranes that
cannot be efficiently removed by conventional physical or
chemical cleaning methods (Herzberg et al. 2009).

There are some recent studies that have demonstrated
that addition of specific bacteriophages to membrane
bioreactors could reduce microbial attachment to mem-
brane surface and increase membrane permeability (Gold-
man et al. 2009; Bhattacharjee et al. 2015). It was reported
that the addition of bacteriophages reduced the microbial
attachment by 40-60 % with continuous inactivation of
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planktonic and freshly formed biofilm when treating
effluents containing three different bacterial species
(Goldman et al. 2009). As one of the first studies, Bhat-
tacharjee et al. (2015) showed biocontrol of biofouling on a
lab-scale membrane bioreactor by a multidrug-resistant
strain, Delftia tsuruhatensis ARB-1, through use of a lytic
bacteriophage. When the biofilm consists of multiple spe-
cies of bacteria, which generally occurs in industrial
applications, a phage cocktail including a combination of
several phage types may be needed to prevent adhesion and
biofilm formation on the membrane surface.

The pore size of most membrane filters that are being
used in water and wastewater treatment (e.g., ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO)) is
between 1 and 100 nm, which is generally smaller than the
phage particles (30-200 nm). Therefore, following phage
application to the membrane, some of the seed phages can
attach and remain immobilized on the membrane surface,
possibly contributing to continuous infection of oncoming
bacteria (Brockhurst et al. 2006). However, small amounts
of phage particles can pass through the membrane, which
may pose an issue in real applications of water and
wastewater treatment (Goldman et al. 2009).

The most widely used method for wastewater treatment
is the activated sludge process (ASP), a process involving a
consortium of microorganisms and biological flocs in
bioreactors to remove organic carbon and nutrients (Mot-
lagh and Goel 2014). Besides other processes involved in
this type of wastewater treatment, sludge dewatering is an
important finalizing process to affect a reduction of the
sludge volume, resulting in saving equipment capacity as
well as downstream treatment costs (Withey et al. 2005).
Extracellular polysaccharide substances (EPS) found in
bacterial flocs binds microbial cells and particulate matter
together, influencing the formation, settling, and water-
binding ability of the activated sludge flocs (Bura et al.
1998). High levels of microbial EPS can adversely affect
the dewatering ability of the activated sludge and increase
the sludge volume (Sanin and Vesilind 1994). Excessive
productions of EPS and dewatering problems for activated
sludge have been implicated by species such as Zoogloea
and Thauera (Lajoie et al. 2000). To address this challenge,
since bacteriophages can carry polysaccharide depoly-
merase enzymes (PDE), they can be exploited to selec-
tively target specific strains producing excessive EPS,
reduce the EPS level, and improve the ability of the sludge
to be dewatered.

Phage therapy limitations and strategies
to overcome these constraints

Despite the significant advances in phage therapy, there are
still some major concerns and limitations regarding the use
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of phages that need to be addressed. However, these con-
straints are not significant issues and this section discusses
some strategies to overcome or diminish these limitations.

Limited spectrum of host infection

Although specificity of phages for the hosts that they infect
significantly reduces the damage to normal microbial
communities, this specificity means that phage therapy
using natural lytic phages requires identification and iso-
lation of the effective phage, which may delay the treat-
ment process. Using a mixture (cocktail) of different phage
types with complementary features can circumvent the
limited host range of a single phage (Chan et al. 2013;
Goodridge 2010). In addition, using different types of
phages infecting the same species and strains reduces the
probability of phage-resistant bacteria development (Chan
and Abedon 2012; Gu et al. 2012). Besides using a phage
cocktail, polyvalent phages that have a broad host range
can be used for infection. A study of dual-species biofilm
formed by P. fluorescens (Gram-negative) and Staphylo-
coccus lentus (Gram-positive) demonstrated successful
disinfection by the action of polyvalent lytic phages (Sil-
lankorva et al. 2010). Furthermore, the host range can be
expanded by a homologous recombination of phages with a
plasmid altering the tail fiber protein (Mahichi et al. 2009;
Lin et al. 2012).

Risk of gene transduction

Another concern about phage therapy, particularly when
lysogenic phages are being implemented, is the possibility
of transduction wherein specific bacterial genes or other
bacterial virulence factors may be transferred to other
bacteria by the phages, resulting in the transfer of
pathogenicity determinants and virulence factors leading to
the development of a new pathogen or even more resistant
bacteria (Brabban et al. 2005; O’Shea and Boyd 2002;
Maiques et al. 2007). However, as most of the therapeutic
applications of phages are with lytic phages, the probability
of gene transduction is very low.

Release of toxins following the bacterial lysis

A further concern about using lytic phages that needs to be
considered is the release of significant amounts of endo-
toxin, exotoxins, and superantigens following the rapid
lysis of bacteria, which may potentially cause serious side
effects such as the induction of an inflammatory response
leading to multiple organ failures (Drulis-Kawa et al.
2012). However, this potential concern also applies to
rapidly bactericidal antibiotics as well (Goodridge 2010).
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Production of neutralizing antibodies

The body’s production of neutralizing antibodies against
phages and phage immunogenicity is a valid concern in the
therapeutic use of phages in vivo which may inhibit the
treatment. Following the administration of phages, they can
be rapidly recognized by adaptive immune defense mech-
anisms within the body as invaders and removed from
systematic circulation (Dabrowska et al. 2005). However,
production of antibodies was only observed when applied
intravenously and not much effect was observed after oral
and local administration (Abedon et al. 2011). In addition,
this limitation is not a considerable issue in case of acute
infections since the rate of antibody production is much
less than the rate of bacterial infection and lysis.

Development of resistance

The development of bacterial host resistance against pha-
ges as a result of mutation and selection or temperate phage
acquisition could yield a decreased efficiency in the phage
therapy processes. Two major mechanisms can be involved
in bacterial resistance to a specific phage including (i) pre-
entry resistance mechanisms such as loss or lack of
receptor (Liu et al. 2002) and structural modification and/or
masking of the receptor (Labrie et al. 2010), and (ii) post-
entry resistance mechanisms such as the degradation of
phage DNA by restriction-modification defense systems
and abortive infections (Drulis-Kawa et al. 2012). How-
ever, few studies showed resistance during in vivo phage
therapy (Drulis-Kawa et al. 2012; Kutter et al. 2010). In
addition, isolation of novel active phages from the envi-
ronment could provide new possibilities for treatment and
minimize the resistance issue.

Concluding remarks and directions for future
research

Bacteriophage therapy acceptance in medical, industrial,
and biotechnological applications has increased in the last
few years. Since biofilm, and particularly antibiotic resis-
tant forms of biofilm, pose a significant hurdle to bioma-
terials as well as industrial applications, new antibacterial
strategies such as phage-based therapeutic approaches need
to be explored. As phage therapy becomes more accept-
able and better understood, genetically-modified phages
can supply a crucial alternative to overcome the challenge
of biofilm control in environmental, industrial, and clinical
settings. Novel synthetic biological techniques will enable
rational engineering to equip native bacteriophages with
new functionalities such as biofilm-degrading enzymes to
produce libraries of enzymatically active phages that can
contribute to biofilm-remediation phage therapy processes.

Furthermore, phages can alter antibiotic-resistant bacteria
to susceptible strains by delivering functional DNA
nucleases such as CRISPR fragments.

A better understanding of phage-host interactions in
biofilm, phage diversity, and dynamics are essential to
recognize the limitations of phage therapy for biofilm
control and to design new strategies for anti-biofilm
properties. In addition, the majority of phage genome and
their gene functions are still unknown and need to be better
understood for more effective phage therapy on biofilm.

This review showed the feasibility of phage therapy for
biofilm control and the benefits of using phages in medical
and industrial settings. Additionally, it demonstrated that
genetically-modified phages have the capability of reduc-
ing bacterial biofilm more efficiently than conventional
approaches. However, phage therapy needs more research
and development to achieve the commercial applications in
medical and industrial problems.
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