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Abstract
Pseudomonas aeruginosa, a Gram-negative, rod-shaped bacterium causes widespread diseases in humans. This bacterium is
frequently related to nosocomial infections such as pneumonia, urinary tract infections (UTIs) and bacteriaemia especially in
immunocompromised patients. The current review focuses on the recent perspectives on biofilms formation by these bacteria.
Biofilms are communities of microorganisms in which cells stick to each other and often adhere to a surface. These adherent cells
are usually embedded within a self-produced matrix of extracellular polymeric substance (EPS). Pel, psl and alg operons present
in P. aeruginosa are responsible for the biosynthesis of extracellular polysaccharide which plays an important role in cell surface
interactions during biofilm formation. Recent studies suggested that cAMP signalling pathway, quorum-sensing pathway, Gac/
Rsm pathway and c-di-GMP signalling pathway are the main mechanism that leads to the biofilm formation. Understanding the
bacterial virulence depends on a number of cell-associated and extracellular factors and is very essential for the development of
potential drug targets. Thus, the review focuses on the major genes involved in the biofilm formation, the state of art update on the
biofilm treatment and the dispersal approaches such as targeting adhesion and maturation, targeting virulence factors and other
strategies such as small molecule-based inhibitors, phytochemicals, bacteriophage therapy, photodynamic therapy, antimicrobial
peptides and natural therapies and vaccines to curtail the biofilm formation by P. aeruginosa.

Keywords Pseudomonas aeruginosa . Biofilms .Pel .Psl . Alginate . EPS . c-di-GMP signalling pathway . Gac/Rsmpathway .

Quorum-sensing pathway . Biofilm dispersal . Treatment advancement

Introduction

Pseudomonas aeruginosa is a Gram-negative, aerobic rod-
shaped bacterium which belongs to the bacterial family
Pseudomonadaceae, a member of γ-proteobacteria. This fam-
ily is classified into eight groups. P. aeruginosa is one of the
subtypes among 12 member groups (Todar 2008).
P. aeruginosa is a free-living organism found ubiquitously in
diverse environmental settings. It has earned the name of an
opportunistic pathogen that forms biofilm and is responsible

for 10–20% of infections in hospitals (Fazeli et al. 2012). It is
especially prevalent among patients who are already immuno-
compromised. P. aeruginosa have been identified as nosoco-
mial contaminants and epidemics have been identified in the
hospital environment (Bodey et al. 1983).

The ability of these bacteria to survive with basic minimal
nutrient requirements and their tolerance to numerous physical
conditions has allowed persisting in both urban and natural
settings. In the natural environment and during infection of
hosts, many bacteria including P. aeruginosa grow as popula-
tions or groups entrenched in a matrix, the extracellular poly-
meric substances (EPS). These groups of bacteria encased in a
matrix are known as bacterial biofilms. These bacteria in the
biofilm display different features from planktons, such as high
resistance or opposition to the immune system, therapeutics and
physiology (Wei and Ma 2013). Due to this, the formation of
biofilms possesses a major health concern in chronic infections
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(Laverty et al. 2014). P. aeruginosa is very strenuous to sup-
press immunity when forming dense antibiotic-resistant
biofilms, lowering the proficiency of immune systems in pa-
tients as organisms that exist in group can endure some period
of time (Laverty et al. 2014).

The biofilms provide basic mechanism of resistance to not
only antibiotics, but also bacteriophages, disinfectants and
other host defense systems (Dheilly et al. 2010) by constitut-
ing multi-layered protection mechanisms (Stewart 2002).
Furthermore, the microbes in biofilms develop flexible stress
responses resulting in higher number of premature deaths and
increased morbidity rates. This makes P. aeruginosa a signif-
icant model organism for learning about the development of
bacterial biofilm and resistance to various antibacterial agents
(Habash et al. 2014).

According to the recent reports by the World Health
Organization, P. aeruginosa is considered as one of the prior-
ity pathogens which became extremely drug resistant to most
of the current generation antibacterial and create high threat
and mortality rate to public health. Hence, it is very essential
to study the recent advances in the biofilm formation by the
bacteria which contribute the virulence and antibiotic resis-
tance. Although there are many previous reviews which fo-
cused on the mechanism of biofilm formation by
P. aeruginosa, the detailed molecular basis of biofilm forma-
tion by P. aeruginosa, various approaches used for the treat-
ment and biofilm dispersal have profound scope in applied
microbiology. Thus, the current review tried to provide
cutting-edge knowledge and up-to-date perspectives on the
molecu la r mechan i sm of b io f i lm format ion by
P. aeruginosa. The review focuses on the role of biofilm in
bacterial pathogenesis and the mechanism of antibiotic resis-
tance. The review further discusses the biochemical mecha-
nism of biofilm formation, especially major aspects of attach-
ment, biofilm maturation especially the role of bis-(3′-5′)-cy-
clic-dimeric-guanosine monophosphate (c-di-GMP)-depen-
dent polysaccharides, two-component regulatory systems
and quorum-sensing and quorum-quenching systems. The re-
view finally illuminates the recent perspectives and ap-
proaches used for the treatment and dispersal of biofilm for-
mation by P. aeruginosa.

Epidemiology

P. aeruginosa is a predominant pathogen, triggering various
infections, mainly in patients who are unable to develop a
normal immune response. An enduring complication regard-
ing the treatment of infections caused by these bacteria is to
form biofilms on indwelling and entrenched devices
(Costerton et al. 2003). Most of the infections are connect-
ed with urinary tract infections, which are the foremost
nosocomial infections, followed by cathetherisation and
intubation infections (Nicolle 2014; Xu et al. 2015). The

infections are commonly observed in chronic obstructive
pulmonary disorder (COPD) and cystic fibrosis (CF)
patients (Mulcahy et al. 2014).

Biofilm-related infections where the significance of biofilm
is highlighted include infections on medical devices such as
cardiac devices, prosthetic joints, intravascular catheters,
shunts and prosthetic vascular grafts. In patients with CF, the
widespread of pseudomonal pneumonia encompasses from 21
to 80% in the age groups between 1 and 19 years.
Participation of the gastrointestinal tract usually is common
in patients with hematologic malignancies; neutropenia arisen
from chemotherapy is also observed in infants (Friedrich
2015). It is also one of the customary causes of health care-
associated pneumonia (HCAP), ventilator-associated pneu-
monia (VAP) and hospital-acquired pneumonia (HAP) and
overreached in prevalence only by Staphylococcus aureus
(Driscoll et al. 2007).

P. aeruginosa causes 17% of nosocomial pneumonia, 7%
urinary tract infection, 8% quotidian cause of surgical-site
infection and 9% infection in general from all sites
(Friedrich 2015). It has a rate of 36 infections per 10,000
releases. The epidemiology is related to their capability to
survive in tiny ecological niches and emerge as a nosocomial
pathogen with the emergence of antimicrobial resistance
(Morrison and Wenzel 1984).

Most of these infections have hostile consequences in pa-
tients who undergo supplementary surgeries and lengthy sub-
jections to universal treatments which are uncertain to resolve
the infection. The most common worry is in periprosthetic
infection, where the pathogenic bacteria can gain entrance
by two major routes with related time scales (Green 2011).
The first is the perioperative period, usually via the surgical
cut itself. The second is from hematogenous spread, which
normally arises during the postoperative period. Infections
can be existent in the patients acutely and/or can persist chron-
ically, and the analysis of infection and the type of biofilm
growth remains a hard task for clinicians often necessitating
highly dedicated research equipment and time-consuming
techniques (McConoughey et al. 2014).

Biochemistry of biofilm

Confocal scanning laser microscopy revealed the 3-D struc-
ture of the biofilm to be composed of microcolonies (clusters
of cells) of different species of microbial cells (around15% by
volume) and of matrix material (85%) (Kokare et al. 2009).
The spatial arrangement of these microcolonies plays signifi-
cant role in the determination of the biofilm complex and has a
profound implication on their function. Extracellular polymer-
ic substance (EPS) or exopolysaccharide is a sticky organic
matter that forms an integral part of the structural organization
of biofilm (Davey and O’Toole 2000). It comprises primarily
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of polysaccharides and an undefined proportion of protein and
nucleic acids such as extracellular DNA. P. aeruginosa pro-
duces three major types of polysaccharides: pel, psl and algi-
nate, each differing in their chemical structures (Schurr 2013).
Alginate was the first P. aeruginosa exopolysaccharide to be
discovered. It was identified in mucoid strains of
P. aeruginosa recovered from CF patients (Doggett 1969).
The various components of EPS interact in a coordinated
manner, which is vital for the effective colonisation of the
bacteria which form biofilm (Flemming et al. 2016).

Based on the composition of the EPS matrix, biofilm may
assume a number of differentiated forms during development
such as mushroom-like microcolonies and filamentous
streamers (Chew et al. 2014). The vertical structures of bio-
film are separated by interstitial spaces. The biofilm acquire
nutrients easily and rapidly from the surrounding medium and
move the toxic by-products away by the interstitial spaces
(Secinti et al. 2011). The shape and the mechanical stability
of the biofilm are determined by the physical properties of the
matrix (Chew et al. 2014).

In order to form and maintain biofilm communities, pseu-
domonads have an inherent capacity to generate a manifold of
biofilm-linked macro- and micro-molecules that constitute the
matrix. There are five distinct stages involved in the
exopolysaccharide biosynthesis. First, the precursor substrate,
a nucleotide-activated sugar, is manufactured in the cyto-
plasm. The ancestor substrate is then polymerised onto the
growing polysaccharide (Varki et al. 2009). Next, the polysac-
charide is shipped across the internal membrane to the peri-
plasm and undergoes enzymatic modification. It is conse-
quently exported through the external membrane (Colvin
et al. 2013).

Pel and psl polysaccharide

Pel, a cationic exopolysaccharide, was identified while
screening mutant libraries of the strain PA14 for the lack of
pellicles (Franklin et al. 2011). The products of the pel gene
operon (PA3058-PA3064) control its synthesis (Friedman and
Kolter 2004a, b). The establishment of solid surface-
associated biofilms is greatly dependent on the presence of
pel (Wei and Ma 2013). Currently, the structure of pel has
not been resolved, but it is suggested to be a glucose-
abundant polysaccharide (Friedman and Kolter 2004a, b).

Strains of P. aeruginosa that produces insufficient amount
of alginate such as nonmucoid strains use pel and/or psl as the
primary structural scaffold (Jennings et al. 2015). Pel also
enhances the specific resistance of biofilms against antibiotics
such as aminoglycosides and play protective role in
P. aeruginosa biofilms (Colvin et al. 2013).

Reverse genetics was employed to identify psl in
P. aeruginosa PAO1. The psl gene cluster consists of 15
genes: pslA to pslO (PA2231-2245 gene cluster) out of which

11 are necessary for psl synthesis (Matsukawa and Greenberg
2004; Byrd et al. 2009).

Psl is composed of L-rhamnose, D-glucose and D-
mannose repeats. The pentasaccharide is expressed in two
forms: a cell-related, high molecular weight form and a small,
soluble form (Byrd et al. 2009; Mann and Wozniak 2012). It
distributes helically around the cell surface and maintains the
biofilm organization by facilitating interactions between cells
and the cell surface (Ma et al. 2009). The presence of psl
enhances the cross-linking and elasticity of the matrix. This
reinforces the scaffold and promotes the establishment of
microcolonies. Psl is exceedingly important during the prima-
ry attachment of sessile cells to biotic and abiotic substrates
(Byrd et al. 2010). It was found that in the absence of psl, the
viscosity of the matrix increases, which in turn promotes the
biofilm diffusion (Chew et al. 2014). Although psl is intrinsi-
cally expressed in planktonic cells, the expression is confined
to the centre of growing biofilm implying that psl has a part in
biofilm differentiation (Overhage et al. 2005). Mature biofilm
on the other hand reveals the peripheral presence of psl (Ryder
et al. 2007).

Alginate

Alginate is a highmolecular weight linear anionic polysaccha-
ride, comprised of β-1-4 glycosidic linked α-L-guluronic acid
and β-D-mannuronic acid (Hay et al. 2009). It guards the
bacteria from environmental adversities and enhances surface
adhesion. Alginate biosynthetic genes are transcribed upon
attachment to surfaces, resulting in the development of
biofilms. A 12-gene cluster encodes the regulatory and bio-
synthetic machineries for alginate (PA3540–PA3551). It is
initially assembled as D-mannuronic acid homopolymer,
which is transformed in the periplasm by selective O-acetyl
substitution (Franklin et al. 2011; Wiens et al. 2014).

Within the biofilm, various hydrolytic enzymes and algi-
nate are secreted at different quantities by various strains of
P. aeruginosa (Tielen et al. 2013). They shield the pathogen
from antibiotics and the host’s immune attack contributing to
drug resistance. Initially, the CF lungs are infected with
nonmucoid strains, but as it persists, mucoid forms begin to
rise and turn into the dominant lung pathogen. The conversion
from nonmucoid to mucoid phenotype is due to the produc-
tion of alginate (Hay et al. 2009). It initiates the mobilisation
of inflammatory cells to the locus of infection, which liberates
reactive oxygen species causing extensive tissue damage.
Alginate scavenges the free radicals liberated by macrophages
and protects P. aeruginosa from phagocytic clearance (Ryder
et al. 2007). Further, biofilm produced by alginate overpro-
duction present well-ordered structures, providing higher re-
sistance to antibiotics such as tobramycin (Hentzer et al.
2001). It also facilitates coexistence with S. aureus as ob-
served during CF infections. Alginate overproduction reduces
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the synthesis of key compounds such as siderophores and
rhamnolipids required to kill S. aureus and affect the antimi-
crobial potential (Limoli et al. 2017).

Under certain conditions, P. aeruginosa expresses an algi-
nate lyase (algL) that divides the alginate polymer into short
oligosaccharides eliminating the anchoring ability, resulting in
the separation of bacteria from the surface. This enhances
biofilm dispersal and allows the microorganisms to colonise
new sites (Boyd and Chakrabarty 1995). Studies have dem-
onstrated that alginate lyase shows potential for treating mu-
coid P. aeruginosa infections as they have shown to lower
culture viscosity in clinical isolates and in CF sputum, striping
biofilms from abiotic surfaces, enhancing phagocytosis and
the destruction of P. aeruginosa by human immune system
and improving the effectiveness of anti-pseudomonal antibi-
otics (Lamppaa and Griswold 2013).

eDNA

The importance of eDNA as a structural component of biofilm
was first demonstrated in P. aeruginosa. eDNA fortifies the
biofilm, functions as a source of nutrient during period of
starvation, provides resistance to the antibiotics and helps in
biofilm expansion (Wang et al. 2015). It further helps to con-
nect microcolonies in the biofilm (Wei and Ma 2013). Several
hypotheses have been proposed for the generation of eDNA
such as the release of small membrane vesicles, lysis of sub-
population and direct secretion (Wei and Ma 2013). A biofilm
development regulator, BfmR, has been found to correspond
with DNA liberation and localised cell death. It is expressed
during situations that result in the membrane disruption.
ΔBfmR mutant biofilm displayed enhanced eDNA liberation
and cell lysis. This indicates that BfmR does not eliminate, but
suppresses, the processes (Petrova et al. 2011). eDNA release
is also regulated by the expression of phenazine molecules
such as pyocyanin. Mutants of P. aeruginosa with defective
phenazine synthesis produce comparatively less eDNA than
phenazine producing strains (Das and Manefield 2012,
2013). The interaction of pyocyanin with eDNA modulates
cell surface hydrophobicity which in turn influences the bac-
terial surface energy components and nonspecific interactions.
eDNA removal reduced the biofilm thickness by ∼ 40% and
phenazine deficiency reduced the biofilm thickness and bio-
mass by ∼ 40 and ∼ 80%, respectively (Das et al. 2016).

In P. aeruginosa, eDNA is commonly released through au-
tolysis and may be produced by two separate pathways. A
pathway not coupled to quorum sensing is responsible for a
base-level production of eDNA and the late log phase associ-
ated with abundant eDNA release is generated by quorum-
sensing-dependent mechanisms (Montanaro et al. 2011).

Two major elements of the P. aeruginosa biofilm, psl and
eDNA, interact to build the mesh of psl-eDNA fibres. It pro-
vides a scaffold that permits bacterial adherence and growth

(Wang et al. 2015). The negatively charged eDNA binds to
Ca2+ which stabilises and promotes cross-bridging among
bacterial cells, leading to the biofilm formation (Das et al.
2014). Similarly, eDNA binds to other positively charged an-
timicrobials such as aminoglycosides and antimicrobial pep-
tides which were demonstrated in a study by Chiang et al.
(2013). eDNA is also responsible for the decrease in pH and
acidification of biofilm. This induces the PhoPQ and PmrAB
two-component systems regulating virulence and aminogly-
cosides resistance (Wilton et al. 2015).

eDNA has been found to play a role in the regulation of
type VI secretion system (T6SS) found in Gram-negative bac-
teria to translocate proteins and virulence factors. Wilton et al.
(2016) suggested that eDNA stimulates H1-T6SS through che-
lation of outer membrane bound cations. This enables
P. aeruginosa to attack other species in the vicinity in an
indiscriminate manner. Due to the widespread availability of
eDNA in P. aeruginosa inhabitants, they gain a competitive
edge in poly-microbial communities (Wilton et al. 2016).

Matrix proteins

Cell elements or adhesins, chiefly flagella and type IV pili
(cell surface appendages), assist in biofilm formation (Cai
et al. 2015). Different adhesins bind to glycosylated receptor
molecules located in the apical and basal region on the epithe-
lial surface of the cells. Type IV pili interact with apical re-
gion, whereas flagella associate with the basal region surface
proteoglycan heparin sulphate chains (Bucior et al. 2012).
Type IV pili (T4P) are protein fibers produced on the bacterial
cell surface. Pilins are small structural proteins with a protein
interaction domain and a transmembrane domain (Giltner
et al. 2012). They are built from pilA, a protein subunit that
is transported outside the cell by pilQ, a secretin, to produce a
fimbrial strand (Laverty et al. 2014). Type IV pili are involved
in various processes such as colonisation during infection,
twitching motility (bacterial translocation), biofilm formation,
bacteriophage infection, DNA uptake and natural transforma-
tion. A specialised feature of pilin is the ability to reversibly
produce polymeric fibers and aggregate to form ordered bun-
dles (Hazes et al. 2000).

The pilus assembly system comprises of inner and outer
membrane complexes and connecting subcomplexes,
composed of pilMNOP. A study by McCallum et al. (2016)
showed that when pilM binds to pilN at the N-terminus, there
are significant structural changes in pilM causing
monomerization (McCallum et al. 2016).

Flagella are required for cell attachment, swimming loco-
motion and biofilm development. The flagellum is primarily
composed of flagellin which can be grouped into a and b
serotypes (Campodónico et al. 2010). It is the globular protein
flagellin that is identified by the innate immune system
(Bucior et al. 2012). The flagellar genes such as fleQ, fleR,
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fleS, fliA, flgM and fleN encode proteins that participate in the
regulation of the flagellar transcriptional circuit and are
grouped into three distinct regions in the chromosome
(Dasgupta et al. 2003). Many animal studies have demonstrat-
ed flagella as an important virulence factor in P. aeruginosa
and have certified as target antigens for vaccination
(Campodónico et al. 2010). Bivalent type a and b flagellar
vaccine have shown promising results in terms of preventing
P. aeruginosa infection in CF patients (Doring et al. 2007).

Although the gene encoding for chemotaxes in
P. aeruginosa are homologous with other model organisms
displaying chemotaxes such as Escherichia coli, it was shown
that chemotaxes occurs by consistently extending and reduc-
ing the periods of both clockwise and counterclockwise fla-
gellar rotations when swimming up and down the
chemoattractant gradient, respectively (Cai et al. 2016).

Biofilm and bacterial pathogenesis

P. aeruginosa infections are complex in the pathogenesis and
are dependent on various virulence factors such as secretory
factors, elastase, phospholipase C, alkaline protease, pyocya-
nin, hydrogen cyanide, pyoverdine and rhamnolipids (van ‘t
Wout et al. 2015). The lipopolysaccharide, pili, flagella and
cell associated factors that allow the bacteria to form biofilm
when attached to biotic or abiotic surfaces (Pier and Ramphal
2005). The effects of P. aeruginosa infections are due to bac-
terial virulence factors. The main factors are proteases and
exotoxins that cause severe host tissue damages by distorting
cytoskeletal structures, cleaving the immunoglobulin A and G
and depolymerising the actin filaments. The exoenzymes of
P. aeruginosa are responsible for the host tissue damages, thus
facilitating dissemination, invasion and development of
chronic and acute diseases (Sadikot et al. 2005). The virulence
factors such as pili, LecA and LecB help the bacteria to attach
to their host; siderophores allow the bacterial multiplication in
limited iron environments and alginate gives protection from
certain immune attacks by breaking down oxygen species, by
hindering complement factors and also by limiting polymor-
phonuclear chemotaxis (Chatterjee et al. 2016).

Additionally, the biological function of oxylipins have
shown their roles in bacterial biofilm pathogenesis and are
studied in plants, animals and algae but are largely unidenti-
fied in prokaryotes. P. aeruginosa shows a diol synthase ac-
tivity which transforms various mono-unsaturated fatty acids
into mono- and di-hydroxylated derivatives. The oxylipins
derived from this activity restrict flagellum-driven motility
and increase type IV twitching motility of P. aeruginosa.
These oxylipins increase bacterial organization and thereby
increase the ability of P. aeruginosa to form biofilms
(Martinez and Gomez 2016).

Pseudomonas infections can be involved in the blood-
stream (bacteremia), GI tract (diarrhoea, enteritis), entero-
colitis respiratory tract (pneumonia), CNS (meningitis,
brain abscess), heart (endocarditis), eye (bacterial kerati-
tis, endophthalmitis), ear (otitis externa and media), bones
and joints (osteomyelitis) and urinary tract and skin
(ecthymagangrenosum) (Friedrich 2015). An arrangement
of major virulence factors of P. aeruginosa discussed ear-
lier offset the host defenses and forms the basis of host
tissue damages or increases the competitiveness of the
bacteria (Gellatly and Hancock 2013).

An insight on P. aeruginosa infections with respect to CF
patients is one of most perused researches. CF is a disorder
resulting from the mutations in the CFTR gene that code for
an ion-transport protein. Defects in this gene result in various
physiological defects most importantly, the accumulation of
alveolar fluid and mucus in lungs in human. This leads to
severe colonisation by P. aeruginosa which eventually leads
to fatal infections and pneumonia (Rajan and Saiman 2002;
Lovewell et al. 2014).

Mechanism of antibiotic resistance and tolerance
of biofilm

The bacteria in biofilm display distinctive abilities to survive
to antibiotic treatments that are accountable directly for a sub-
stantial number of complications in the clinical atmosphere
(Lebeaux et al. 2014). Resistance to the antibiotics in bacterial
biofilms is due to an amalgamation of various factors which
act organised to give rise to a resistance level. These distinct
factors include persister (cells) formation, initiation of lipid-
modified operons by eDNA, slow release of antibiotics in the
biofilms, mutations in chromosomes and gaining of genes
responsible for resistance (Poole 2011). Acidic pH and acidi-
fication from eDNA produces a signal that is recognised by
P. aeruginosa to enhance the expression of genes regulated by
the PhoPQ and PmrAB two-component systems (Zhang et al.
2013). P. aeruginosa cultured under acidic conditions give
around eightfold increases in aminoglycoside resistance.
This resistance requires the production of spermidine and also
aminoarabinose modification of lipid A (Wilton et al. 2016).
Changes in mutations affecting resistance to treatments in-
clude an increase in the rate of multidrug efflux mechanisms,
an enhancement of antimicrobial expulsion, a modification to
antimicrobial targets and a depression and alteration of AmpC
leading to a broad-spectrum β-lactamase which increases the
enzyme specificity to the substrates (Poole et al. 2011).

Polysaccharides are the major constituents in the matrix of
the biofilms, but their association with the resistance charac-
teristics of biofilm is largely unknown. Certain continuous
flow and static biofilm experiments have shown that psl im-
parts a nonspecific first line of defense towards treatments
with antibiotics, with various possessions during the inceptive
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stages of development of biofilm (Billings et al. 2013). AlgC
promotes to the synthesis of psl, promoting resistance to
polysorbate-80 (PS80) (biofilm inhibitor), a non-ionic deter-
gent and surfactant that prevent biofilm formation at lower
strengths and is tolerated well by human tissues (Zegans
et al. 2012). While multiple factors contribute to tolerance of
biofilm towards antimicrobial, only sparse information about
the time at which induction of biofilm tolerance occurs is
known. The tolerance of P. aeruginosa biofilm is coupled to
the ‘two component system SagS’ which controls the forma-
tion of biofilm with conversion to an irreversible stage of
attachment. It also reveals the time when biofilm shift to high
levels of tolerance. Inactivation of this hybrid system re-
sulted in biofilms but not the planktonic cells sensitive
to norfloxacin, tobramycin and hydrogen peroxide
(Gupta et al. 2013). Blr equivalently gave rise to
tobramycin and colistin resistance in PAO1 strain of
P. aeruginosa. Clinical patients with an increase in ex-
pression of blr gave rise to an increased tobramycin
resistance and displayed minimum inhibitory concentra-
tion. However, the minimum inhibitory concentration of
colistin deteriorated and increased the susceptibility of
colistin (Chambers and Sauer 2013). The major resis-
tance mechanism exhibited by P. aeruginosa is shown
in Fig. 1.

Mechanism of biofilm formation

Biofilm formation depends on the bacterial ability to produce
the extracellular matrix components that enable them adhere
to each other (Bucior et al. 2012). During the course of biofilm
maturation, the inhabited bacteria get embedded and secured
in the matrix. In Gram-negative bacteria, biofilm formation is
regulated by three main processes: attachment, maturation and
dispersion (Laverty et al. 2014). The major events in the bio-
film formation are shown in Fig. 2.

Attachment/reversible adhesion

Gram-negative bacteria can attach to surfaces either through
flagella, pili or fimbriae (Laverty et al. 2014). This process is
controlled by a number of factors that include environmental
aspects, bacterial species, surface composition and essential
gene products (Dunne 2002). The cells can be transported by
the physical forces of the media or by flagella and other ap-
pendages. Some of the cells reversibly adsorb onto the surface
upon contact. Physical forces include electrostatic interac-
tions, steric interactions and the van der Waals forces, known
as the DVLO (Derjaguin, Verwey, Landau and Overbeek)
forces (Garrett et al. 2008).

Fig. 1 Schematic representation
of the various mechanism of
antibacterial resistance
demonstrated by P. aeruginosa
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The following stages are involved in bacterial adhesion:
first, a reversible docking phase (primary stage) involving
the initial interaction between the microorganism and a sur-
face that has been modified or conditioned. Conditioning en-
hances the surface properties for bacterial adhesion (Garrett
et al. 2008). This phase is influenced by physiochemical var-
iables involved in the interaction. Next, the locking phase
(secondary stage) which involves the binding between specif-
ic adhesins and the surface brought about by molecular inter-
actions. This is followed by biofilm development and matura-
tion (Dunne 2002).

Type IV pili of P. aeruginosa facilitates the initial ad-
hesion through a combination with two forms A and B of
O-polysaccharide chain (Makin and Beveridge 1996).

P. aeruginosa is capable of altering the lipopolysaccharide
composition for adherence, therefore supporting the sur-
vival and formation of biofilm on various surfaces.
Lipopolysaccharide-A production is aided to increase hy-
drophobicity of the cell surface enabling the adherence to
hydrophobic surfaces, while lipopolysaccharide-B induces
hydrophilicity which enables attachment to hydrophilic
surfaces such as glass (Makin and Beveridge 1996).

The adhesin genes such as cdrAB were first observed in
P. aeruginosa as a bi-cistronic operon that was induced under
influence of high c-di-GMP. These genes belonged to a two-
component secretion system known as type Vb secretion sys-
tem. CdrB gene forms barrel structures that form pores in the
outer membrane functioning as the channel through which

Fig. 2 Schematic showing the various stages of biofilm development by
P. aeruginosawhich characterised by initiation, maturation and dispersal.
The SEM images show the biofilm formation initiation and biofilm

maturation. The images have reproduced with permission (Rendueles
and Ghigo 2012)
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adhesin cdrA is released. CdrA harbors two cysteine residues
in the C-terminal region that have been concerned in other
TPSS adhesins in joining to the outer membrane. The interac-
tion of adhesin cdrAwith the matrix exopolysaccharide psl is
specific. This interaction is the probable reason for stabilising
matrix integrity, with mutant strains of cdrA exhibiting aggre-
gates with freely connected psl and depicting biofilms with
compromised integrity. It is suggested that cdrAwas approx-
imately 220-kDa protein that was originated to be cell-linked
and also as a processed form (150 kDa) in the bacterial cul-
tures overexpressing it. This system was induced at high c-di-
GMP content with the concurrent P. aeruginosa-induced bio-
film formation through the concurrent expression of matrix-
binding adhesions and matrix polysaccharides (Parsek 2015).

Studies suggested that the mechanism of biofilm formation
is varied in various strains such as PAO1 and PA14 based on
the polysaccharide components (Colvin et al. 2011, 2012).
The PAO1 and PA14 are that two major laboratory strains that
vary in the polysaccharide used as major structural component
for the biofilm development. PAO1 mainly uses psl and PA14
uses pel (Colvin et al. 2011). Colvin et al. (2012) validated this
observation using two distinct biofilm culturing formats. A
microtiter dish assay was measured biomass in the biofilm
that forms at the air-liquid interface after incubation and con-
focal laser scanning microscopy (CLSM) was used to monitor
live biofilms growing in the medium using a flow-cell reactor.
PAO1 and PA14 and their analogous pel, psl and pel psl mu-
tant strains were compared to study the attachment and for-
mation of biofilm in the microtiter dish assay. The study sug-
gested that PA14 pel, PAO1 pel and PAO1 pslmutants all lack
surface attachment (Colvin et al. 2012). However, pel demon-
strated significant impact on later stages of biofilm formation.
A pel mutant of PA14 developed significant reduction in bio-
film biomass in comparison with PA14, while a PAO1 pel
biofilm was identical to PAO1. Further, the PAO1 psl and
PAO1 pel psl double mutants were impaired for biofilm
development.

Glycosylation of mucin in the patients have been implicat-
ed in the adhesion of P. aeruginosa (Venkatakrishnan et al.
2013). P. aeruginosa also adheres to cell surface-associated
mucin, mucin-1 (MUC1), and other mucin carbohydrates via
adhesins that are distinct from pilin. Several classes of
adhesins displayed on the bacterial surface of P. aeruginosa
are involved in the colonisation and infection of the human
respiratory tract (Ramphal et al. 1991). During infection,
P. aeruginosa were associated with ciliated cells trapped at
the extremities of cilia (Crabbé et al. 2014). The epithelial
layer along with mucus-secreting cells layering the luminal
surface forms the mucosal barrier (Enge and Eran 2011).
Fracturing of the epithelial barrier by disruption or injury of
narrow junctions renders the basolateral surface accessible to
P. aeruginosa. Basement membrane proteins of the extracel-
lular matrix such as fibronectin, collagens and laminin

facilitate P. aeruginosa adhesion and can influence dissemi-
nation and colonisation (Crabbé et al. 2014).

A polyamine, norspermidine, has been reported to disrupt
the process of biofilm formation and sometimes prevent it in
the case of Gram-negative bacteria. The inhibitory effects of
norspermidine is due to its ability to prevent the attachment of
cells to surfaces, downregulating quorum-sensing (QS) genes
and inhibiting swimming motility by reducing the available
eDNA and exopolysaccharides (Qu et al. 2016; Si et al. 2016).
A study conducted by Qu et al. (2016) showed that the degree
of cell-surface attachment was found to vary proportionally
with the concentration of norspermidine. Exposure to
norspermidine at concentrations of 4 mmol/L decreased bac-
terial attachment to 71.22% (Qu et al. 2016). Norspermidine
was encapsulated into polyelectrolyte multilayer coatings to
provide a surface-mediated releasing approach. This arrange-
ment was found to have a high inhibitory effect on the biofilm
attachment and formation against pure strains ofP. aeruginosa
and on mixed cultures (Si et al. 2016).

Biofilm maturation

The differences of microcolonies into true biofilms are regu-
lated by a variety of bacterial machinery, such as the quorum-
sensing (QS) systems, the RetS/LadS and GacS/GacA two-
component regulatory systems and the c-di-GMP-mediated
polysaccharide regulation (Rasamiravaka et al. 2015b). The
role of selected examples of the regulatory cascades in the
biofilm formation is shown in Fig. 3.

Quorum-sensing systems

Formation of biofilm is a dynamic process, and for many
microorganisms, it is dependent on small chemical signal mol-
ecules called autoinducers that are self-produced. This process
is termed as quorum sensing (QS). Once the bacterial colony
attains quorum level, the autoinducers couple with their cor-
responding transcription regulators and repress or activate the
target genes. Thus, quorum sensing displays a coordinated
response (Annous et al. 2009). This also facilitates same-
species and interspecies communication (Miller and Bassler
2001). In many bacteria, quorum sensing depicts the funda-
mental mechanism to regulate social activities, allowing bac-
teria to gain benefits that would otherwise be unattainable to
them as individual cells (Li and Tian 2012a, b).

QS regulates the social behavior of bacteria by various
interconnected signalling pathways (LaSarre and Federle
2013). It permits bacterial communities to control various bi-
ological processes which are essential for bacterial adaptation
and endurance. This event relies on regulating the expression
of specific genes in response to a critical threshold of signal-
ling molecules (autoinducers). QS mediates the population
density-dependent responses and is therefore favorable for
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Fig. 3 The molecular events governed in the formation of biofilm by
P. aeruginosa. The figure shows only a subset of the regulatory
connections. The surface colonisation, biofilm formation and
development provide various advantages to microorganisms. The main
factors relevant in the biofilm formation by P. aeruginosa include cAMP/
Vfr signalling, quorum-sensing (QS) systems, Gac/Rsm pathway and c-
di-GMP signalling. cAMP/ Vfr signalling regulates the transcription of
various gene encoding virulence factors, including the type 2 and type 3
secretion systems and their associated toxins, type IV pili and flagella. It
is suggested that the increase of cAMP inhibits the attachment phase of
biofilm development. The QS systems are set hierarchically with the las
system positively regulating the rhl and PQS systems. These three QS

systems are responsible for virulence factor production, biofilm matura-
tion and motility phenotypes. GacS/GacA (two-component system) facil-
itates the expression of RsmY and RsmZ, which sequester RsmA (trans-
lational repressor). RsmA induces the production of sessile and biofilm
determinants. c-di-GMP is a ubiquitous bacterial second messenger; the
formation is assisted by diguanylate cyclases (DGC) and phosphodiester-
ases (PDE). Increased concentrations of c-di-GMP induce the formation
of biofilm matrix, while decreased concentration of c-di-GMP promotes
bacterial motility and shift into the planktonic growth. This figure re-
vealed that WspB/D and methyltransferase WspC also play an important
role; rhlR is regulated by LasR, which is an important regulatory pathway
in P. aeruginosa
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community adaptation and survival. QS plays vital role for
survival and colonisation by organising phenotypic changes
at initial stages of infection (González and Keshavan 2006).
The acute to chronic progression of infection is significantly
enhanced by QS-dependent gene expression. QS can regulate
more than 10% of genes in P. aeruginosa. These genes are
primarily implicated in the production of virulence factors,
biofilm formation, antibiotic resistance mortality and the
amendment of metabolic pathways for stress responses
(Moradali et al. 2017).

The relevance of QS in biofilm formation and maturation

The biofilm inhabitants exploit QS systems for spatio-
temporal regulation of specific gene expression and cell-to-
cell communication. Majority of the colonising population
was expected to lose QS due to hypermutation and other phe-
notypic alterations during chronic infection. Studies have sug-
gested that in P. aeruginosa, the genes involved in the prog-
ress of biofilm maturation and persistence, are positively reg-
ulated by QS. The QS-deficient mutants of P. aeruginosa
(ΔlasIΔrhlI and ΔlasRΔrhlR) formed thin and less devel-
oped biofilms which were sensitive to antibiotic treatment
and suppression (Nelson et al. 2009). Further, the studies sug-
gested that at a part of QS pathways such as rhl encoded
system and the formation of C4-HSL signals was preserved
in mucoid population latterly of chronic stages match with
overproduction of biosurfactants (rhamnolipids) and alginates
(Bjarnsholt et al. 2010). It has been expected that
rhamnolipids plays an important role in safeguarding of the
architecture of biofilm by contributing to the development of
interior cavities within the mature biofilm, permitting suitable
flow of nutrients and water (Chrzanowski et al. 2012). In
addition, QS-mediated production of pyocyanin is a vital com-
ponent for biofilm maturation. Pyocyanin can promote the
release of eDNA by inducing the cell lysis of the bacteria.
Pyocyanin interact with eDNA enhancing its solution viscosity
which accelerate the physicochemical interactions of the bio-
film matrix and facilitates the aggregation of the cells
(Jennings et al. 2015; Das et al. 2015). Such kind of cellular
and molecular interactions along with additional polymeric
substances resulted in the establishment of vigorous and ma-
ture biofilm (Moradali et al. 2017).

Studies have revealed that complicated QS network hierar-
chy is present in P. aeruginosa, which include groups of con-
nected systems, such as las, pqs, iqs and rhl. Among these, las
and rhl are the most important QS systems (Lee and Zhang
2015) (Fig. 3).

las and rhl quorum-sensing systems

The QS systems based on las and rhl are associated with N-
Acyl-homoserine lactone (AHL). They regulate the

expression of virulence genes in P. aeruginosa. The las sys-
tem comprises of LasR, the transcriptional activator protein
which is associated with AHL synthase LasI that regulates
the synthesis of N-(3-oxododecanoyl)-l-homoserine lactone,
the autoinducer (Kievit 2009). Similarly, the Rhl system con-
sists of the transcriptional activator RhlR with its associated
AHL, N-butyryl-l-homoserine lactone, which is synthesised
by RhlI (Latifi et al. 1996).

A number of transcription factors regulate the rhlI-rhlR and
the lasI-lasR quorum-sensing systems by direct or indirect
mechanisms in order to adopt their expression to environmen-
tal variations (Kievit 2009). RhlI and lasI control the synthesis
of the major autoinducers C4-HSL and 3-oxo-C12-HSL, re-
spectively. A third signalling molecule called Pseudomonas
quinolone signal (PQS), 2-heptyl-3-hydroxy-4(1H)-quino-
lone, is also produced by P. aeruginosa (Kievit 2009). The
various cellular and secreted virulence factors that the las and
rhl systems regulate include lectins, alkaline protease, lipase,
elastase, exotoxin A, phospholipase C, LasA protease, pyocy-
anin and rhamnolipids (Duan and Surette 2007).

The lasR gene is regulated by two different control sys-
tems: the las quorum-sensing system (controlling lasI and
lasR expression) and the global regulators Vfr and GacA.
The las quorum-sensing system creates an autoinduction feed-
back loop. In a similar manner, the expression of rhlR is reg-
ulated by GacA, and the las system controls the rhlR and rhlI
genes to some degree (Kievit and Iglewski 2000).

c-di-GMP-dependent polysaccharides biosynthesis

Bacteria use various small molecules to aid signalling path-
ways in order to modify their internal physiological conditions
in response to extracellular environmental cues. Bis-(3′-5′)-
cyclic-dimeric-guanosine monophosphate (c-di-GMP) is a
ubiquitous intracellular secondary messenger in bacteria that
is found in many of these pathways (D’Argenio and Miller
2004). c-di-GMP was first recognised in Gluconacetobacter
xylinus as an allosteric effector of cellulose synthase (Ross
et al. 1987). The role of c-di-GMP-dependent pathway in the
biofilm formation of P. aeruginosa is shown in Fig. 3.

The pelA-G of c-di-GMP system is activated by the C4-
HSL molecule produced by the rhl system associated with
AHL (Rasamiravaka et al. 2015b). A majority of the c-di-
GMP-dependent signalling pathways govern the interaction
between the bacteria and biotic (eukaryotic and bacterial cells)
or abiotic surfaces (Römling et al. 2013). Transformation from
themotile to the sessile state occurs at high levels of c-di-GMP
which promotes the biosynthesis of polysaccharides (alginate
through algA-44-X gene and Pel through pelA-G gene) and
conversely, lower levels of c-di-GMP enhances bacterial mo-
tility by promoting flagellar development and bacterial disper-
sion (Merighi et al. 2007).
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The c-di-GMP-dependent pathways also aid the transition
from the virulence phase as observed in acute infections to a
more resilient and less virulence phase during chronic infec-
tions. Transmutation of these bacterial pathways could pro-
vide an alternative approach towards controlling biofilm for-
mation and dispersal. As it is recognised by the mammalian
immune systems, it is considered as a promising vaccine ad-
juvant (Römling et al. 2013).

P. aeruginosa undertakes an extensive adaptation to the
lung and form persistent, low-virulence state and phenotypi-
cally distinct morphological form called small colony variants
(SCVs). These are small, autoaggregative isolates that dem-
onstrate superior biofilm formation, deep attachment to cell
surfaces and increased production of exopolysaccharides.
This often stabilises and contributes resistance to multiple
antibiotics. The presence of SCVs in the patients is associated
with a worse clinical situation (Evans 2015). The current
mechanism for the generation of the SCV remains unclear.
However, studies have suggested that the formation of SCVs
is linked with overproduction of c-di-GMP which is probably
responsible for the SCV phenotype in various isolates. Hence,
the phenotypic variant to contribute to bacterial adaptation and
survival of bacterial pathogens within the lung of patients and
contributes to the pulmonary damage (Malone 2015).

Two-component regulatory systems

Two-component system (TCS) signalling pathways are vital
signalling mechanisms in bacteria, archaea, simple eukaryotes
and higher plants (Wolanin et al. 2002; Goodman et al. 2009).
Classical TCS pathways possess a preserved central frame-
work consisting of a sensor, a homo-dimerising histidine ki-
nase protein domain and its response regulator, a cognate re-
ceiver domain, mechanistically linked by histidine-aspartic
acid phosphorelay (Goodman et al. 2009). Changes in the
environment are sensed by TCS in order to exhibit virulence
factors that induce both acute and chronic infections (Okkotsu
et al. 2014). Among the 60 such systems found in the genome
of P. aeruginosa, the GacS/GacA system acts as a super-
regulator of the QS system and plays important role in the
formation of biofilm and multiple virulence factors
(Rasamiravaka et al. 2015b).

GacS/GacA and RetS/LadS

The two-component regulatory system involves GacS, the
sensor kinase, andGacA, its response regulator found in many
γ-proteobacteria. It is involved in the regulation of quorum
sensing, secondary metabolism, virulence, biofilm formation,
motility and multiple features of bacterial physiology (Byrd
et al. 2009).

GacA/GacS TCS regulates the expression of the psl and pel
genes in P. aeruginosa. Once activated, GacA controls the

transcription of two small regulatory RNAs (sRNAs), RsmZ
and RsmY, that bind to repressor proteins, RsmA and RsmE,
resulting in decrease or increase in the translation of the pel or
psl operon (Wei and Ma 2013). The role of Gac/Ras pathway
in biofilm formation is shown in Fig. 3.

The whole complex pathway involvingGacS/A, RsmA and
RsmY/Z is further directed by two additional hybrid sensor
kinases, RetS and LadS (Dötsch et al. 2012). RetS is an acti-
vator of type III secretion (TTSS) and inhibits biofilm forma-
tion, contributing to acute infections. LadS, on the other hand,
has been shown to up regulate biofilm formation, contributing
to chronic infections. RetS/LadS interact with the GacS/GacA
system by modulating the GacS phosphorylation state, which
accordingly inhibits or promotes the phosphorylation and ac-
tivation of GacA (Workentine et al. 2009). The GacS/GacA
system regulates the AHL system as it inactivates freely avail-
able RsmA which is involved in negative control of C4-HSL
and 3-oxo-C12-HSL synthesis, thereby monitoring extracel-
lular virulence factors controlled by Las and Rhl systems
(Rasamiravaka et al. 2015b).

Quorum-quenching systems

The virulence of P. aeruginosa PAO1 is governed by an N-
Acyl-homoserine lactone (AHL)-dependent quorum-sensing
system. The acylase gene present in the P. aeruginosa,
PA2385 gene in PAO1 genome, was depicted to be encoded
an acylase that eliminates the fatty acid side chain from the
homoserine lactone (HSL) nucleus of AHL quorum-sensing
signal molecules. Studies demonstrated that the posttransla-
tional modification of acylase and hydrolysis are analogous
to those of β-lactam acylases, suggesting that PA2385 gene
product is associated with N-terminal nucleophile hydrolase
superfamily. The purified acylase was demonstrated to de-
grade AHLs with side chains from 11 to 14 carbons. The
substituent at the 3′ end of the side chain was not affected by
the activity and showed high AHL quorum-quenching activ-
ity. The AHL signal molecule such as 3-oxo-C12-HSL is de-
graded by the acylase enzyme. The AHL acylase enable
P. aeruginosa PAO1 to amend its own quorum-sensing-
dependent pathogenic capabilities and suggest possibilities
for novel antibacterial therapies (Si et al. 2016).

Biofilm treatment

Biofilms are described as niches of bacteria enclosed in a grid
of protective extracellular matrix comprised of polymers.
Bacteria in these biofilms reveal distinct features such as dif-
ferent morphology, physiology and high resistivity to antibi-
otic treatments and immune system. Biofilms have displayed
high antagonism against therapeutic treatments thus allowing
the bacteria to develop immunity. Finding an alternative mode
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of treatment of the infections caused by biofilms is highly
laborious and strenuous task in the process of antimicrobial
drug development (Wei and Ma 2013). The various ap-
proaches used for the biofilm treatment of P. aeruginosa are
targeting adhesion and maturation, dispersal and virulence
factors. These approaches are considered as the best promis-
ing strategies to eradicate biofilm formation.

Targeting adhesion and maturation

The lectins such as LecA and LecB are considered as
putative drug targets for P. aerugenosa. LecA and LecB
are soluble proteins binding to galactose and fucose,
respectively. These proteins have pivotal role in the at-
tachment of the bacteria to human cells, creating epithe-
lial tissue damage and play important role in the devel-
opment of P. aeruginosa biofilms, hence, acting as ma-
jor virulence factors. LecA and LecB are small proteins
with a size of 121 and 115 amino acid residues, respec-
tively. As lectins play major role in the cell adhesion
and biofilm formation, targeting these proteins can be a
therapeutic remedy (Grishin et al. 2015). LecA has low
affinity binding with D-galactose and N-acetyl-D-galac-
tosamine. L-fucose showed high affinity binding to
LecB. Both the lectins have same quaternary structures
and form homotetrameric complexes where each mono-
mer has its own binding site. Studies suggested that
Lectin A binds with compounds such as α-D-galactose,
p-amino-phenyl-galacto-pyranoside, phenyl-galacto-py-
ranoside, p-nitro-phenyl-galacto-pyranoside, p-tolyl-
galacto-pyranoside and naphthyl-galacto-pyranoside, and
the binding of these compounds can provide an inhibi-
tory activities of the bacterial adhesion (Grishin et al.
2015).

Biofilm dispersal

Biofilm must disperse and liberate differentiated cells in order
to inhabit new locations. Biofilm dispersal is responsible for
the transfer of bacteria from environmental sources to human
hosts, especially for many pathogenic bacteria (Kaplan 2010).
It also promotes the bacterial survival by aiding in escaping
hostile environments or those of declining suitability and suc-
cessfully colonisingmore advantageous and unpopulated hab-
itat patches (Berne et al. 2010).

Dispersion involves a decrease in bacterial adhesiveness
and modulation or breakdown of the biofilm matrix
(Harmsen et al. 2010). Dispersal takes place by three simulta-
neous and interdependent processes occurring within mature
biofilms: (i) production of nitrosative or oxidative stress-
inducing molecules (ii) prophage induction and (iii) cell dis-
ruption (Barraud et al. 2006).

By using flow chambers irrigated with Luria-Bertani
(LB) medium, local dispersion of P. aeruginosa biofilm
was observed as a cavity-like formation (Purevdorj-Gage
et al. 2005). Initially, a barrier establishing a group of
nonmotile cells formed the exterior component of the bio-
film, and a swiftly moving motile group of cells are found
within. The motile population would eventually find its
way out of the biofilm, resulting in the formation of a
central void. The biofilm must reach critical size in order
for this phenomenon to occur (Harmsen et al. 2010).

Sauer et al. (2004) demonstrated that the dispersal of
P. aeruginosa PAO1 biofilms is influenced by the pres-
ence of carbon substrates. A sudden increase in the avail-
ability of glucose, glutamate and succinate greatly facili-
tates the biofilm dispersion. The phenotypes displayed by
single dispersed cells are different from those within the
biofilm (Sauer et al. 2002). Biofilm dispersion induced by
nutrients demonstrated reduced expression of pilus genes
in dispersed cells and a corresponding increase in the
flagellar expression (Sauer et al. 2004).

Studies revealed that the use of gaseous nitric oxide pre-
vents treatment of the biofilm produced by methicillin-
resistant Staphylococcus aureus, P. aeruginosa and
Acinetobacter baumannii (Sulemankhil et al. 2012). In partic-
ular, nitric oxide (NO), a signalling molecule in P. aeruginosa,
was observed to initiate biofilm dispersal at depressed and
nontoxic concentration. It was also found to increase suscep-
tibility to antibiotics (Barraud et al. 2006). Decreased c-di-
GMP levels are related to dispersal and hence to planktonic
bacteria while higher levels are seen in biofilm cells.
Diguanylate cyclase (DGCs) regulates the biosynthesis of c-
di-GMP and phosphodiesterase (PDE) regulates its degrada-
tion (Iyer et al. 2003; Barraud et al. 2009). Studies suggested
that the decrease in the intracellular levels of c-di-GMP is
induced by NO in turn stimulates PDE, consequently decreas-
ing c-di-GMP levels in P. aeruginosa facilitating dispersion
(Barraud et al. 2009).

Endogenous nitric oxide (NO) released by macro-
phages plays an important role in host defense, and NO
is a therapeutic agent in preventing the formation of
biofilms in vitro. By making use of a novel and controlled
electrochemical NO-releasing catheters, the physiological
levels of NO released has combined effects of killing bac-
teria and dispersing biofilm. Moreover, NO greatly in-
creases the efficacy of therapeutic agents, reduces the c-
di- GMP levels and thus helps in destroying the biofilm
and its detached cells (Ren et al. 2016).

Recent studies suggested that the detachment processes
of biofilm such as erosion or sloughing are considered as
passive processes. These are the processes in which dis-
persal of biofilm occurs as a result of complex spatial
differentiation and various molecular events in the bacte-
rial cells in response to environmental factors. There are
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various biological factors that force bacterial cells to dis-
perse from the biofilm (Kim and Lee 2016).

Targeting virulence factors

The major virulence factors that associated with P. aeruginosa
during biofilm development are pili, T2SS such as exotoxin
A, LasA, LasB, Type IV protease, alkaline protease, protease
IV and phospholipase H. The major T3SS systems included
ExoS, ExoT, ExoU, ExoY, T5SS and lectins such as LecA and
LecB, siderophores, pyocyanin and quorum sensing. The ma-
jor lipopolysaccharide involved as virulence factors are lipid
A and O-specific polysaccharide. Inhibition of the functions
of these virulence targets probably contributes newer insight
in the development of novel therapeutic strategies against
P. aeruginosa biofilm development.

Other advances in biofilm treatment

Some of the earlier approaches and strategies include a variety
of chemical, biochemical and enzymatic techniques that can
be visualised for disruption of the biofilms (Sharma et al.
2011; Landini et al. 2010; Bjarnsholt et al. 2013; Kostakioti
et al. 2013). A direct approach is the chemical attack on the
biofilm matrix which may be due to the success of halogens
such as free chlorine and other biocides present in the thera-
peutics used against biofilms (Davison et al. 2010). Enzymatic
cleavage of the biofilm extracellular matrix and other ap-
proaches using dispersin B (that degrades linear polymers of
N-acetyl glucosamine, a common biofilm polysaccharide) are
also used for cessation of biofilms. Exposure to this enzyme
can remove biofilms of mixed species of bacteria (Stewart
2014).

The elimination of biofilms by commercially attainable
therapeutics is inefficacious since biofilms are highly resistant.
Tobramycin was effective to an extent, but it decreased sig-
nificantly when employed to treat P. aeruginosa biofilms, al-
though it caused cell death in mature biofilms (Reffuveille
et al. 2014). A novel benzimidazole named anti-biofilm com-
pound 1 (ABC-1), identified in a small-molecule screen, was
found to prevent the initiation step in biofilm formation in
many Gram-positive and Gram-negative pathogens including
P. aeruginosa. This molecule is active at nanomolar concen-
trations. Further, layering the surface of biofilms with ABC-1
decreases the formation of biofilms (Sambanthamoorthy et al.
2011).

A different approach in the treatment of biofilms is by the
use of therapeutic enzymes that breaks down the biofilm ma-
trix. Dornase alfa (deoxyribonuclease I) is the enzyme in clin-
ical use that destroys P. aeruginosa biofilm. This potent en-
zyme acts by hydrolysing eDNA in the extracellular matrix
(Baker et al. 2016). Glycoside hydrolase therapy has the abil-
ity to concentrate large biofilms from many Gram-positive

and Gram-negative bacteria which are relevant to both health
care and industry. Glycoside hydrolase degrades the
exopolysaccharide component of the biofilm matrix. PelA
and pslG inhibit formation of biofilms over a 24-h period with
an effective half-maximal concentration of 69.3 ± 1.2 and 4.1
± 1.1 nM, respectively, and thus, they are capable of inhibiting
pre-existing biofilms. This treatment reduced the biofilms by
58 to 94% (Baker et al. 2016). Biofilm formation on devices
such as shunts, prosthetic vascular grafts, cardiac devices, in-
travascular catheters and prosthetic joints may be prevented
by surface charges or by insertion of antimicrobials in the
device that prevents formation of biofilms (Joo and Otto
2012).

Many naturally occurring compounds have played impor-
tant role in P. aeruginosa to reduce biofilm production as they
affect the QS-controlled gene expression. These included 6-
gingerol (stifling oil from ginger), ajoene, eugenol prepared
from cloves, some flavonoids and S-phenyl-L-cysteine sulf-
oxide. The bifurcation ofDalbergia trichocarpa bark has giv-
en rise to the purification and recognition of an aldehyde,
coumarate which is oleanolic in nature, as a new therapeutic
for biofilms (Rasamiravaka et al. 2015b). Cranberry
proanthocyanidins (PACs) have properties against
P. aeruginosa biofilms, especially A-type proanthocyanidins.
These reduced the motility of various strains of P. aeruginosa.
Proteomic analysis showed that different proteins were
expressed with the treatment of PACs. These potentiate the
activity of gentamycin, thus, inhibiting biofilms in vitro and
in vivo (Ulrey et al. 2014).

An amalgamation of various medicinal plant extracts
(Ayurvedic medicines), in which most of their mechanisms
of action are known, are commonly used in India to treat
bacterial colonisation that leads to biofilm formation. Some
of them are Hareetaki Churna, Triphala Churna and Dashmula
Churna. These exhibit properties against P. aeruginosa under
in vitro conditions. Certain phytochemicals can also initiate
the activity of antibacterial in combinations. The combination
of sulfamethoxazole with gallic acid or ellagic acid and tetra-
cycline with gallic acid showed effective killing of biofilms by
synergistic mode of interaction (Chatterjee et al. 2016).

The use of bacteriophages to destroy biofilms has be-
come a popular source of interest. T7 bacteriophage
which encodes a lactonase enzyme was developed.
These T7 bacteriophages exhibited Aii A lactonase to
breakdown acyl homoserine lactones from various bacte-
rial strains. These T7 bacteriophages when introduced in
P. aeruginosa biofilms cause inhibition of biofilm forma-
tion (Pei and Lamas-Samanamud, 2014). Phages and
drugs usually have minor effects in killing the bacteria.
Phages are capable of limiting the bacteria to which minor
populations of resistant bacteria ascend. However, some
phage-drug combinations have significantly reduced bac-
teria to a great extent. In some cases, bacterial densities
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were reduced to levels even below the expected levels of
synergy. Phages are also capable of limiting the extent to
which minority populations of bacteria resistant to the
treatment of antibiotics ascend (Chaudhry et al. 2017).

There is an urgent need for new methodologies to deal
with biofilm-associated microorganisms, and antimicrobi-
al photodynamic therapy (aPDT) may be a promising ap-
proach. A PDT includes the amalgamation of a nontoxic
dye and low visible light which, in manifestation of oxy-
gen, produces cytotoxic reactive oxygen species. This
method has recognised the fact that many biofilms are
gullible to aPDT (Melo et al. 2013).

There has been no record of well-defined methods acces-
sible for practitioners to approve the occurrence of biofilms in
injury. A diversity of microscopic and histological approaches
to practical to biopsies of tissues is the recent enlightening
techniques accessible for representing the occurrence of
biofilms and the consequences they have in indorsing tender-
ness and downregulation of functions at the cellular level
(Percival et al. 2015).

The available vaccines towards the biofilm by
P. aeruginosa became limited. The increased comprehen-
sion of pathogenesis of P. aeruginosa facilitated in the
recognition of several immunogens which could be effec-
tively used for the development of novel vaccines. In spite
of these efforts, a notable and an effective vaccine in
opposition to P. aeruginosa has not been accomplished
(Sharma et al. 2011). Different techniques were intro-
duced to improve the life of patients and to improve qual-
ity. One of the major approaches is to develop the
methods for inhibition of alginate in bacterial cells
(Krylov et al. 2016). Raffinose, a galactotrisaccharide,
shows successful biofilm inhibition of P. aeruginosa by
binding with LecA protein responsible for biofilm inhibi-
tion. Further, raffinose decreased the concentration of c-
di-GMP, by increasing the activity of a c-di-GMP-specific
phosphodiesterase. Thus, the ability of raffinose to inhibit
biofilm formation opens new possibilities for pharmaco-
logical and industrial applications (Kim et al. 2016).

Proteomics and gene expression studies of bacteria
suggested that the recent advancement in these areas aid
to analyse the genome of the bacteria and functional genes
which are significant in upholding the infection and pro-
vide novel insight for the development of therapeutic
agents (Mulcahy et al. 2014).

It was lately suggested that the biofilm display greater de-
gree of resistance to antibiotics when compared to that of
planktonic bacteria as they have an extracellular matrix that
acts as a physical protection (Hall-Stoodley et al. 2004). A
high-dose norspermidine has bactericidal effect on
P. aeruginosa biofilms as norspermidine inhibits biofilm for-
mation by inhibiting swimming motility, preventing cell sur-
face attachment, and also by downregulating QS-related gene

expression. Therefore, studies have suggested that
norspermidine could be a potent inhibitior for P. aeruginosa
biofilms (Ou et al. 2016).

Many bacteria comprise certain functional amyloid
fibers on their cell surface that are responsible for bio-
film formation and other community behaviors. Curli
are extracellular functional amyloid fibers formed by
many enterobacteriaceae members. Curli and type 1 pili
displayed important roles in promoting the biofilms for-
mation in many bacteria. Two analogs of FN075 and
BibC6 of ring-fused 2-pyridones inhibit curli and type
1 pili and provide anti-biofilm and anti-virulence prop-
erties. Further, two molecules such as AA-861 (a ben-
zoquinone derivative) and parthenolide (a sesquiterpene
lactone) act as potential inhibitors against TasA protein
of amyloid-like fibers and open therapeutic insight to-
wards many biofilm forming bacteria including
P. aeruginosa.

Avital polyphenolic compound is found in green tea which
is detected to be at levels of 0.7 g/L which is about 1.5 mM in
concentration; this compound is epigallocatechinn-3-gallate
(EGCG) (Yang and Wang 1993). EGCG has wide variety of
antibacterial effects (Steinmann et al. 2013); it acts by inter-
fering with the quorum-sensing process and when it is ex-
posed to P. aeruginosa PAO1, it inhibits swarming and
downregulates the Las and PQS of the quorum-sensing pro-
cess (Yang et al. 2010). EGCG plays an important role in
binding with various proteins that are responsible for the for-
mation of biofilm (Ishii et al. 2008; Ishii et al. 2011;
Ehrnhoefer et al. 2008; Lorenzen et al. 2014; Jankun et al.
1997; Liang et al. 1997). One such approach is by
blocking the outer membrane porins and production of
hydrogen peroxide (Cui et al. 2012; Nakayama et al.
2013). EGCG can rearrange the previously formed am-
yloid fibrils to unstructured aggregates through the hy-
drophobic sites on the fibrils (Palhano et al. 2013); it
inhibits fibrillation of amyloidogenic proteins such as
Sup35 prion (Roberts et al. 2009), α-synuclein and β-
amyloid (Ehrnhoefer et al. 2008; Bieschke et al. 2010),
losozyme (He et al. 2009) and transthyretin (Ferreira
et al. 2009).

The differential expansion of various imaging methods en-
dures to push novel results and increase the knowledge on
biofilm structure, formation and activity. The arrival and use
of scanning laser confocal microscopy and optical sectioning
have reformed the interpretation of biofilms, lashing their in-
tangible changeover from one-dimensional to complex, three-
dimensional structures. Furthermore, by the intent use of con-
focal video microscopy and particle-tracking velocity, varia-
tions in fluid flow around microcolonies, 3-D outlines of
growth, development of arrangements of biofilm morphol-
ogies, and antimicrobial killing patterns can be observed
(Haussler and Fuqua 2013).
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Conclusions

Although reports are available on the biofilm formation of
many Gram-negative bacteria, limited reports are available
on the molecular basis and major virulence factors for biofilm
development by P. aeruginosa which recently became ex-
tremely resistant to most of the conventional antibacterial
agents. The current review provides a comprehensive, state-
of-the-art information and recent aspects on the molecular
basis of biofilm formation by P. aeruginosa. This review also
provides insight on the relevance of quorum-sensing pathway,
Gac/Rsm pathway and c-di-GMP signalling pathway in bio-
film development. The present review suggest that both
quorum-sensing and c-di-GMP pathways are probably the
best pathways implicated in the biofilm formation by
P. aeruginosa and targeting the virulence factors in these path-
ways could be one of the promising approaches for develop-
ing anti-biofilm agents. Thus, the review enlightens with the
recent developments in the biofilm dispersal and treatment
that can provide therapeutic intervention towards many strains
of multidrug-resistant P. aeruginosa.
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