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Abstract Biofilms contain group(s) of microorganisms
that are found to be associated with the biotic and abiotic
surfaces. Biofilms contain either homogenous or heteroge-
neous populations of bacteria which remain in the matrix
made up of extracellular polymeric substances secreted by
constituent population of the biofilm. Biofilms can be either
single or multilayered. Biofilms are an increasing issue of
concern that is gaining importance with each passing day.
Due to the ubiquitous nature of biofilms, it is difficult to
eradicate them. It has been seen that many infectious dis-
eases harbour biofilms of bacterial pathogens as the reser-
voir of persisting infections which can prove fatal at times.
The presence of biofilms can be seen in diseases like endo-
carditis, cystic fibrosis, periodontitis, rhinosinusitis and
osteomyelitis. The presence of biofilms has been mostly
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seen in medical implants and urinary catheters. Various sig-
nalling events including two-component signalling, extra
cytoplasmic function and quorum sensing are involved in
the formation of biofilms. The presence of an extracellular
polymeric matrix in biofilms makes it difficult for the anti-
microbials to act on them and make the bacteria tolerant
to antibiotics and other drugs. The aim of this review was
to discuss about the basic formation of a biofilm, various
signalling cascades involved in biofilm formation, possi-
ble mechanisms of drug resistance in biofilms and recent
therapeutic approaches involved in successful eradication
of biofilms.

Keywords Biofilm formation - Pathogenesis - Drug
tolerance - Antibiofilm therapeutics

Introduction

Biofilms can be defined as an organized group of micro-
organisms living within a self-produced matrix of poly-
meric substances which gets attached to several surfaces
(Hurlow et al. 2015). These microbial collectives are found
to be ubiquitous in almost every environment (Parsek and
Singh 2003). Biofilms can be found in both biotic and
abiotic surfaces (Cortes et al. 2011). Biofilms have been
seen to be present on liquid surfaces as a floating mat and
in submerged state also (Vasudevan 2014). Biofilms con-
tain either homogenous or heterogeneous communities of
bacteria, embedded on a matrix of extracellular polymeric
substances (EPS). EPS mainly consist of polysaccharides,
but other biomolecules like proteins, lipids and nucleic
acids are also present in EPS (Cortes et al. 2011). Poly-
mers like glycopeptides, lipids and lipopolysaccharides
form a scaffold and hold the biofilm together (Flemming
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and Wingender 2010). Analysis of the EPS coat present
in the biofilm has lead to the discovery that biofilms are
technically hydrogels which exhibit viscoelastic behav-
iour (Stoodley et al. 2002a; Hall-Stoodley et al. 2004).
Such properties allow the biofilms to withstand mechanical
stress. The nutrients that are present in the matrix of EPS
are trapped for the use of bacteria. The water present in
the matrix is also efficiently trapped by hydrogen bonding
with the hydrophilic polysaccharides in EPS (Kostakioti
et al. 2013). There is a continuing debate about determining
factors that contribute to the formation of biofilms. Exist-
ing literature showed that both genetic and environmental
factors contribute towards the microbial biofilm formation
(Maric and Vranes 2007). Bacteria can adapt to differ-
ent environmental conditions by modulating their biofilm
structure (Maric and Vranes 2007).

Microbial communities of the biofilms usually take part
in the production and degradation of organic matter, the
remediation of many environmental recalcitrant pollutants,
the cycling of nitrogen, sulphur and many metals. Exist-
ing literature revealed that microbial biofilms are involved
in the purification of sewage (Davey and O’toole 2000).
It has been reported that in the treatment of groundwater
contaminated with petroleum (Massol-Deya et al. 1995),
and in the process of nitrification (De Boer et al. 1991),
microbial biofilms play a major role. Microbial biofilm in
rhizospheric soil has also been found to increase the soil
fertility and plant growth (Qurashi and Sabri 2012). In
extreme acidic environment, such as in acid mine drain-
age (at a pH of 1), microbial biofilm plays an important
role in the cycling of sulphur (Edwards et al. 2000). It was
reported that microbial biofilm on polymer enhances the
degradation of polymer efficiently (Balasubramanian et al.
2010; Tribedi et al. 2015). Tribedi et al. (2015) showed that
microorganisms in biofilm on polymer surface achieved
higher fitness in terms of reproductive competency. Tribedi
et al. (2015) also explained that microorganisms in bio-
film exhibited higher metabolic functional diversity and
metabolic cooperation than microorganisms in planktonic
form. Thus, the enhanced metabolic functional diversity
and phenotypic plasticity in biofilm residing microor-
ganisms facilitate improved degradation of the polymer.
Marine snow, a special type of macromolecular structure,
containing bacterial biofilm associated with suspended par-
ticles of organic and inorganic material that is frequently
observed in marine ecosystem, was found to transform
particulate organic carbon (Paerl and Pinckney 1996) in
marine environment. Microbial biofilm has long been used
for the remediation of heavy metals (Pal and Paul 2008).
Being poly anionic in nature, EPS forms complexes with
positively charged metal cations resulting in metal immo-
bilization within the exopolymeric network (Pal and Paul
2008). Moreover, extracellular enzymatic activities in EPS

@ Springer

assist detoxification of heavy metals by transformation and
subsequent precipitation in the exopolymeric mass (Pal and
Paul 2008).

Apart from these beneficial effects, biofilms have also
severe harmful pathogenic manifestations. Biofilm may
also exist in a variety of microbial infections as well as
on the surface of the medical implants including catheters
(Maric and Vranes 2007; Vasudevan 2014). Some popula-
tions of biofilm-associated bacteria exhibit antibiotic resist-
ance (Vasudevan 2014), reduced growth rate, secretion of
different surface molecules and virulence factors (Hall-
Stoodley and Stoodley 2009). Biofilm also facilitates gene
transfer among bacteria which can lead to increase in the
number of virulent strains (Lewis 2001). Moreover, these
sessile cells can evade the host immune response as well as
can remain unaffected by antibiotics (Crossley et al. 2009).
This biofilm population almost contributes to around
80 % of the total microbial infection (Cortes et al. 2011).
As mentioned before, biofilm matrix is made up of EPS,
which retards the diffusion of antibiotics through the bio-
film (Crossley et al. 2009), and thus biofilm increases drug
resistance among microbial population noticeably. Another
possible mechanism of drug resistance of microbial bio-
film can be mediated by the differential gene expression
of biofilm cells compared to its planktonic form. Besides
this drug resistance, biofilms also exhibit resistance against
bacteriophages, chemical biocides, amoebae, etc., (Coster-
ton et al. 1999). Moreover, host immune responses exhibit
futile responses against microbial biofilms as these bio-
film cells regularly change the surface antigens through
rapid alteration in gene expression. However, host immune
responses against biofilm prove harmful for body tissues as
the secretion of inflammatory cytokines at the site of bio-
film formation is unable to destroy the biofilm structure but
rather can cause wounds at the surrounding tissues (Wilson
2001). Thus, biofilm environment protects bacteria from
external assaults, predator attack and chemical treatment
like antibiotics. In this current review, we have tried to put
light upon the biofilms, its structure and formation, patho-
genesis and therapeutic approaches against biofilm.

Steps of microbial biofilm formation

Biofilm represents the complex association of bacteria that
are closely clustered within a matrix. Biofilm growth is
guided by a series of physical, chemical and biological pro-
cesses. Microbial biofilm develops through five consecu-
tive stages such as initial reversible attachment, irreversible
attachment, maturation stage I, maturation stage II and dis-
persion (Sauer et al. 2002; Stoodley et al. 2002b).

In the first stage, planktonic microbial cells adhere to the
surface either by physical forces or by bacterial appendages
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such as Pilli or flagella (Maric and Vranes 2007). Different
factors like surface functionality, temperature and pressure
can modulate the bacterial adhesion greatly. Attachment of
a microbial cell to a surface is known as adhesion, whereas
the attachment among microbial cells is termed as cohe-
sion. Physical forces related to bacterial adhesion to sur-
faces include the van der Waals forces, steric interactions
and electrostatic (double layer) interactions (Garrett et al.
2008).

In the second stage, some of the reversibly attached
cells remain immobilized and become irreversibly adhered
when the attractive forces are greater than repulsive forces
(Garrett et al. 2008). It has been reported that the physical
appendages of bacteria like flagella, fimbriae and pili over-
come the physical repulsive forces of the electrical double
layer of the cell and the surface and consolidate the interac-
tions between bacteria and the surface (Kumar and Anand
1998). Cell surface hydrophobicity also plays a crucial role
in biofilm formation when the bacteria adhere to a hydro-
phobic nonpolar surface because the hydrophobic interac-
tion between the surface and the bacteria reduces the repul-
sive force between them (Tribedi and Sil 2014). Therefore,
in brief, in the first and second stages of biofilm develop-
ment, microbial cells initially loosely associate with the
concerned surface, which is then succeeded by specific and
strong adhesion (Hall-Stoodley et al. 2004).

The third phase in biofilm formation is the matura-
tion I. In this phase, microbial cells start communicating
among each other by the production of autoinducer signals
(Davies et al. 1998; Vasudevan 2014) that resulted in the
expression of biofilm-specific genes. In this stage, micro-
organism secretes a matrix of extracellular polysaccha-
ride substances (EPS) to stabilize the biofilm network. In
this context, it was reported that P. aeruginosa makes and
releases three polysaccharides, namely alginate, Pel and Psl
which provide the stability to the biofilm. Alginate interacts
with nutrients and water and supplies nutrients to the bio-
film (Rasamiravaka et al. 2015). Pel (glucose rich polysac-
charide) and Psl (pentasaccharide) act as a scaffold for the
structure of the biofilm (Colvin et al. 2011; Franklin et al.
2011). In addition to EPS, it has been reported that e DNA
is also responsible for cellular communication and stabili-
zation of P. aeruginosa biofilm (Gloag et al. 2013). Young
Pseudomonas biofilms are more susceptible to DNase
treatment compared to mature biofilm, suggesting the stabi-
lizing role for e DNA during the initial biofilm stages when
EPS components are less (Whitchurch et al. 2002). In this
stage, the biofilm becomes multi-layered and their thick-
ness is increased up to 10 um.

In the next stage, the size of the microcolony increases
and its thickness reaches to about 100 um. Microcolonies
in biofilm quiet often consist of diverse microbial com-
munities. These multispecies micro-consortia function

in a relatively complex and coordinated manner. Their
close proximity enhances substrate exchange, distribution
of metabolic products and removal of toxic end products
(Davey and O’toole 2000). For example, degradation of
complex organic matter into methane and carbon di oxide
during anaerobic digestion requires the involvement of at
least three types of bacteria. Fermentative bacteria initi-
ate the catabolism of complex organic compounds and
produces acids and alcohols from the organic compounds.
These substrates are then consumed by acetogenic bacteria
as their substrates. Methanogen gains energy by converting
acetate, carbon di oxide and hydrogen to methane. Biofilm
offers a perfect environment for the establishment of syn-
trophic association (Davey and O’toole 2000). Syntrophism
is a type of symbiosis in which two metabolically dis-
tinct bacteria depend on each other in order to utilize cer-
tain substrates for their energy source (Davey and O’toole
2000). A schematic diagram of syntrophism is explained in
Fig. 1. Thus, the third and fourth stages include the aggre-
gation of the cells, forming microcolonies followed by the
growth and maturation of the adhered cells. In this matu-
ration stage, biofilm becomes adopted with the external
condition by manipulating its structure, physiology and
metabolism.

The fifth stage is the dispersion which marks the shed-
ding of the biofilm and return of sessile cells to the motile
form (Hall-Stoodley et al. 2004). Finally, in this stage,
biofilm spreads and colonizes to the new surfaces. In this
phase, the microbial community inside the biofilm pro-
duces different saccharolytic enzymes which break the
biofilm stabilizing polysaccharides and thereby releases
surface bacteria residing on the top of biofilm structure for
colonization to a new surface. For example, Pseudomonas
fluorescens and Pseudomonas aeruginosa release alginate
lyase, Escherichia coli releases N-acetyl-heparosan lyase
and Streptococcus equi produce hyaluronidase enzymes
for the breakdown of the biofilm matrix (Sutherland 1999).
At this stage, microorganisms upregulate the expression of
the flagella proteins so that the organisms become motile
and bacteria can translocate to a new site. Disruptive forces
are also important in biofilm cycle as detachment of cells
from the biofilm helps in spreading the infection from the
biofilms to other sites (Otto 2013). A schematic diagram of
microbial biofilm development is shown in Fig. 2.

Types of biofilm

Biofilms can be of monolayer or multilayer depending on
the interaction between the surface and constituent cells
(Karatan and Watnick 2009).

For a single-layered biofilm, interactions between cell
and surface are more prominent rather than interaction

@ Springer
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Fig. 1 Microbial interactions
in biofilm. Sugar fermenters

Fermentative
bacteria

utilize different sugars produc-
ing organic acids, which in turn
can be utilized by another set
of microbes capable of using
acids and producing hydrogen.
The hydrogen producers attract
the hydrogen-utilizing bacteria.
This entire event is based on
intercellular and intracellular
interactions giving rise to a
complex biofilm which consists
of different types of microbes <.,
staying together viAe 2yt

Different Sugars

Fig. 2 Formation of a biofilm.
Planktonic cells attach first
reversibly to the surface

and then become associated
irreversibly which leads to the
formation of a colony of bacte-
rial cells on the surface. With
the aid of quorum sensing and
other signalling events, matura-
tion and stabilization of biofilms
occur. Thereafter, microbes

/\ Planktonic cells

Oi;ghnic acids

Hydrogen
Producer microbes

O
00O
A o 8
A Hydrogen
Utilizer microbes

Heterogeneous biofilm

inside the biofilm disperse by Attachment of
the release of surface bacteria microbes to the
residing on the top of biofilm surface

R I /2 \

structure for colonization to a
new surface

\\ W\

\/3\-» \\.\ = \'0\‘—» L‘\

Attachment Microcolony Maturation and Dispersion of
formation stabilization of biofilm
biofilm

between constituent cells (Karatan and Watnick 2009). Dif-
ferent classes of adhesive structures have been reported in
the formation of the monolayer microbial biofilm (Karatan
and Watnick 2009). In one type, the preformed adhesion
structures, flagellum or pilus increase the transient attach-
ments with the surface and thus accelerate the formation
of the monolayer biofilm. In another type, the microbial
adhesin is synthesized with the simultaneous transition to
permanent attachment (Karatan and Watnick 2009).
Microorganisms often develop multilayer biofilm when
they are able to adhere to a surface and also to each other.

@ Springer

In many cases, it has been noted that the surface charac-
teristics of bacteria lead to repulsion (Karatan and Watnick
2009). For instance, the chemical properties of the cell wall
of gram-negative bacteria are generally determined by the
O antigen, which is generally negatively charged in nature.
For the formation of multilayer biofilm, this repulsive force
due to similar charge among microorganisms should be
neutralized. This negative charge may be masked by the
mutation or downregulation or silencing of the O antigen
synthesizing genes, addition of divalent cations, synthesis
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’Ligand
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-
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Fig.3 Two-component signalling system of Pseudomonas aerugi-
nosa for biofilm formation. GacS (HK)/GacA (RR) system. In this
system in response to extracellular signal, GacS is activated which in
turn phosphorylates and activates GacA. GacA activation induces the
expression of rsm genes which code for RsmY and RsmZ which con-
trol the transition between planktonic and sedentary forms of Pseu-
domonas aeruginosa

p

of extracellular polymeric substances (EPS), etc., (Feldman
et al. 2005).

Signalling events in biofilm formation

Formation of a biofilm is dependent on the interaction
between the environmental stimuli and the reciprocation of
the corresponding signalling events by the microorganisms.
There are many sensing systems that can integrate the envi-
ronmental stimuli into signalling pathways. These sensing
systems can induce responses from two-component sys-
tems (TCS), extra cytoplasmic function (ECF) signalling
pathway and quorum sensing (QS) events. Secondary mes-
sengers like c-di-GMP (cyclic guanosine monophosphate)
are also involved in triggering biofilm formation (Jonas
et al. 2009). For the development of biofilm, a coordinated
network of gene expression is required in a stepwise man-
ner. Thus, these signalling events play a very important role
for microbial biofilm formation by developing adaptive
responses against external and internal stimuli (Bordi and
de Bentzmann 2011).

Two-component signalling system consists of histidine
kinase (HK) and response regulator (RR) protein. HK is
a sensor protein usually has an N-terminal ligand-binding
domain and a C-terminal kinase domain. Signal transduc-
tion occurs through the transfer of phosphoryl groups from
adenosine triphosphate (ATP) to a specific conserved his-
tidine residue in HK (Fig. 3). Subsequently, HK transfers
the phosphoryl group from histidine residue to the aspartate
residue of RR (Stock et al. 2000). This phosphate activates
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Fig. 4 RetS and LadS signalling system for Pseudomonas aerugi-
nosa biofilm formation. In this system, RetS suppresses the genes
needed for biofilm formation where as LadS activates the genes that
help in biofilm formation

Biofilm genes

RR which acts as a transcriptional regulator (Fig. 3). Two-
component systems of GacS (HK)/GacA (RR) are gener-
ally involved in the formation of Pseudomonas aeruginosa
biofilm (Rasamiravaka et al. 2015). This system induces
the expression of rsm genes which code for RsmY and
RsmZ which control the transition between planktonic and
sedentary forms (Brencic et al. 2009). The two additional
histidine kinases have been reported to be associated with
the Gac system, namely RetS and LadS (Rasamiravaka
et al. 2015). RetS suppresses the genes needed for biofilm
formation (Kong et al. 2013), whereas LadS activates the
genes that help in biofilm formation (Fig. 4). Gac system
confers resistance against aminoglycosides like amikacin
and gentamycin (Brinkman et al. 2001). Biofilm formation
in gram-positive bacteria is regulated by modified oligopep-
tides which act as autoinducers. They do not enter the cell
but can be detected by a sensor kinase. The kinase trans-
fers its phosphoryl group to the response regulator (RR)
which then activates the target genes for biofilm formation
(Fig. 5). Two-component system of GraS (HK)/GraR (RR)
has been found to be active in biofilms formed by Staphylo-
coccus aureus (Boles et al. 2010), which also confer resist-
ance against antibiotics like vancomycin (Fridman et al.
2013). Staphylococcus aureus produces a multilayered bio-
film which can be either PIA dependent or PIA independ-
ent. PIA is polysaccharide intercellular adhesin that helps
in biofilm formation and is encoded by Ica operon (Cram-
ton et al. 1999; Archer et al. 2011). The IcaR (regulatory)
and Ica ADBC (biosynthetic) genes are important for the
formation of biofilms and impart virulence to the bacteria
(Archer et al. 2011). The expression of PIA is suppressed
by IcaR which regulates the biofilm formation (Fig. 6). Spx
gene has also been reported to modulate IcaR regulation
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Fig.5 Two-component signalling system (GraS and GraR) of
Staphylococcus aureus for the formation of biofilm. Oligopeptides
first interact with GraS (sensor kinase) and GraS and then become
phosphorylated and activated. GraS in its activated form thereafter
activates GraR (response regulator protein) which then activates the
expression of genes needed for biofilm formation
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which in turn regulates biofilm formation (Archer et al.
2011). PIA independent biofilm formation takes place by
the accumulation of associated protein (Aap), biofilm-asso-
ciated proteins (Bap) and related proteins which help in the
formation of biofilm structure (Archer et al. 2011) (Fig. 7).

ECF signalling pathway is also a significant signalling
event in biofilm formation. In this signalling event, an alter-
native sigma factor along with antisigma factor present
in the cell membrane is involved in biofilm formation. In
addition to that, few outer membrane and periplasmic pro-
teins are also engaged in this process (Helmann 2002). The
extracellular signals are perceived by the periplasmic pro-
teins which are followed by the degrading of the antisigma
factor that can release the sigma factor which then leads
to transcription of few target genes that are necessary for
biofilm formation. In Pseudomonas aeruginosa biofilms,
AlgU factor is the sigma factor that can control EPS algi-
nate production which has an impact on biofilm structure
(Hay et al. 2009). The sigma factor AlgU works in asso-
ciation with antisigma factor Muc A whose C-terminal
periplasmic domains are cleaved by a protease AIgW in
response to some unknown stimuli. The sigma factor AlgU
is then released after the cleavage of AlgW. Therefore, the
active sigma factor AlgU activates algUmucABCD operon
which in turn leads to alginate production and type IVA pili
assembly that ultimately leads to biofilm formation (Bordi
and de Bentzmann 2011).

Quorum sensing is a multicellular response in a bio-
film population that works in a density-dependent way
(Schauder and Bassler 2001). It is a process of bacte-
rial communication that makes use of autoinducers or
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Fig. 6 Polysaccharide intercellular adhesion (PIA)-dependent micro-
bial biofilm formation. PIA is required to develop the biofilm forma-
tion in microorganisms and it has been synthesized from the expres-
sion of ica operon. IcaR acts like an inhibitor for the expression of
this ica operon and ultimately inhibits the microbial biofilm formation
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Fig. 7 Polysaccharide intercellular adhesion-independent micro-
bial biofilm formation. Instead of PIA, microorganisms can also use

accumulation-associated protein (Aap) and biofilm-associated protein
(Bap) for microbial adhesion and biofilm formation

pheromones. For gram-negative bacteria, the autoinducer
is N-acyl homoserine lactones, whereas for gram-positive
bacteria the autoinducer is oligopeptides. These molecules
gather on the outside of the cell, and when the microbial
population reaches a certain threshold level, these auto-
inducers can regulate the expression of genes related to
virulence and biofilm formation (Bordi and de Bentzmann
2011). The transition from planktonic to biofilm forms in
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Staphylococcus aureus is regulated by QS. Quorum sens-
ing in S. aureus is regulated by agr operon in which Agr
D encodes for an autoinducer peptide AIP (Bordi and de
Bentzmann 2011). In QS signalling, AIP activates the QS
cascade. AIP peptides can then activate the two-component
system of Agr C (sensor kinase which is membrane bound)
and Agr A (response regulator RR). On activation, Agr C
transfers the phosphoryl group to Agr A which activates P2
and P3 operon. The P2 operon amplifies the QS cascade
and P3 operon activates for RNAIII expression which leads
to biofilm maturation and dispersal (Karatan and Watnick
2009). Thus, autoinducers can trigger a genetic response
either by entering the cells actively/passively or by the use
of histidine kinases (Podbielski and Kreikemeyer 2004).

In addition to these pathways, a secondary messenger
c-di-GMP in high concentration also acts as a stimulus for
the formation of biofilms in bacteria (Bordi and de Bentz-
mann 2011). The high amount of c-di-GMP is generally
regarded as the stimuli for the formation of microbial bio-
film by the synthesis of EPS or alginate polymer formation
or adhesive surface organelles (pili) (Rasamiravaka et al.
2015).

Biofilm-mediated infections and pathogenesis

The presence of biofilms in bacterial infections can increase
the pathogenicity of the bacteria and protects the bacteria
from being destroyed by external treatment. Biofilm forma-
tion is an ancient mode of survival for bacteria in hostile
environments. Biofilms protect the cells from assaults like
UV radiation, pH stress, chemical exposure, phagocytosis,
dehydration and antibiotics.

Device-related infections

One of the first clinical infections associated with biofilm
formation was medical device-related infections. Pace-
makers, electrical dialysers, joint prosthetics, intravenous
catheters, urinary catheter are indispensible for the patients
as there has not been any other alternative against these
devices. These devices also come up with a heightened risk
of biofilm-associated infection. Mostly, Staphylococci and
Pseudomonas species opportunistically infect a medically
intervening device and get entry to the host. Such infec-
tions are nowadays referred to as chronic polymer-asso-
ciated infection (Gotz 2002; von Eiff et al. 1999). In this
regard, it has been observed that Staphylococci can infect
both open wounds and implants (Akiyama et al. 2002). S.
epidermis has also been reported to colonize the medical
devices efficiently (Otto 2009).

Central venous catheter infection

Central venous catheters are used for fluid administration,
medication, administering nutrients and monitoring haemo-
dynamic activities (Kokare et al. 2009). Biofilm-forming
organisms have been reported to be found dwelling on the
surface of these catheters. The colonizing microorganisms
in such cases are S. epidermis, S. aureus, C. albicans, P.
aeruginosa, K. pneumoniae, etc., (Kokare et al. 2009).
These biofilms may be present either on the lumen or on
the outer surface of the catheter. It has also been reported
that microbial colonization on catheters may occur within
10 days of catheterization. In cases where the catheter is
administered for long time period, biofilms occur in the
lumen of the catheter (Kokare et al. 2009).

Prosthetic heart valves

Nowadays, mechanical valves along with bioprostheses are
used as prosthetic heart valves. The implantation of such
prosthetics is susceptible to microbial colonization and
subsequent biofilm formation. During surgical procedure,
tissue damage may occur that leads to platelet and fibrin
accumulation at the site of suture and also on the device
(Kokare et al. 2009). Microbes colonize to these surfaces
with higher affinity as a result of which biofilms develop
on the surrounding tissues of the prosthesis. The common
microbes forming biofilms in such cases are S. aureus,
Streptococcus spp, gram-negative bacilli, Candida spp,
Enterococci and diptheroids (Kokare et al. 2009).

Urinary catheters

Urinary catheters are made of either latex or silicone. These
catheters are inserted through the urethra to the bladder
where the device measures urine during surgical proce-
dures. Catheters can have either open or closed systems.
In case of an open system catheter, the urine is drained in
an open collection centre. This type of system is suscep-
tible to contamination and may also lead to the develop-
ment of urinary tract infection (UTI) within a matter of few
days (Kokare et al. 2009). In a closed system, the catheter
is emptied in a tightly fastened plastic bag. This type of a
closed system is less susceptible to opportunistic infections
in comparison with the open system ones. Prolonged use of
catheters leads to a higher chance of acquiring UTI (Kokare
et al. 2009). The organisms contaminating such devices are
S. epidermis, E. coli, Proteus mirabilis, P. aeruginosa, K.
pneumoniae, Enterococcus faecalis and some gram-nega-
tive bacteria (Kokare et al. 2009).
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Other device-related infections

Intra-uterine devices (IUD) and contact lenses also harbour
biofilm causing infections. The tail of the IUDs is very
susceptible to contamination by Lactobacilli plantarum,
S. epidermis, Candida albicans, S. aureus and few species
of Cornybacterium, Enterococci, etc., (Kokare et al. 2009).
Bacteria also colonize the surfaces of contact lenses. The
attachment affinity of the microbes depends on the nature
of the lenses, electrolyte concentration, composition of the
polymer of the lenses and the strain of colonizing bacteria.
Most common bacteria that are found to adhere to the sur-
faces of the lenses and cause biofilm-associated infections
are S. epidermis, E. coli, few species of Proteus, Serratia,
Candida, P. aeruginosa and S. aureus (Kokare et al. 2009).

Cystic fibrosis

Cystic fibrosis is a genetic disorder (autosomal recessive)
that impairs the normal functioning of the lungs. In this
disease, the patients generally have a defect in cystic fibro-
sis transmembrane conductance regulator protein (CFTR)
which leads to defective secretions in the respiratory epi-
thelium. This results in the production of viscous mucus
on the epithelium that causes difficulty in the breathing.
The presence of such mucus layer is the crucial player for
harbouring bacterial infections in patients. The bacteria
found to be associated with lung infections in cystic fibro-
sis patients are S. aureus, H. influenzae and P. aeruginosa.
The region of the lung, infected with H. influenzae, also
becomes predisposed for further infection with P. aerugi-
nosa subsequently. The mutation in CFTR gene also houses
pulmonary colonies of S. aureus or H. influenzae in the
lower respiratory tract of young patients which is replaced
by colonies of P. aeruginosa in adults (Lyczak et al. 2002;
Koch and Hoiby 1993). The presence of P. aeruginosa bio-
films in cystic fibrosis affects lungs badly, and their pres-
ence is tested by the detection of homoserine lactone (HSL)
secreted by the bacteria in the sputum of patients (Singh
et al. 2000).

Endocarditis

Endocarditis is the interaction between the surfaces of the
endothelium and bacteria. Though the early association
is weak, but with the advent of any wound, the microbes
turn opportunistic and form a strong biofilm-aided associa-
tion which can damage heart valves (Kokare et al. 2009).
A condition namely native valve endocarditis (NVE) arises
due to the interaction among the mitral, aortic, tricuspid
and the pulmonic valves of the heart and microbes that
are present in the blood stream (Kokare et al. 2009). The
microorganisms associated with this condition are species
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of Staphylococcus, Candida, Pneumococci, Streptococcus
and few other gram-negative bacteria. The organisms can
primarily enter into the blood stream through oropharynx,
genitourinary tract and gastrointestinal tract. Generally, the
adherence of microbes to the intact endothelium is very
poor, but in case of a wounded or damaged epithelium, a
condition namely nonbacterial thrombotic endocarditis
(NBTE) develops (Kokare et al. 2009). In this condition,
the red blood cells, platelets and fibrin accumulate at the
site of injury. Endothelial cells secrete fibronectin which
have the ability to bind to collagen, fibrin, human cell as
well as bacteria. Microbes like Staphylococcus and Strep-
tococcus sp. have fibronectin receptors which can form bio-
films on the site of injury as well as damage the tissue of
the valves (Kokare et al. 2009).

Periodontitis

Periodontitis is a gum infection which causes damage to
the soft tissues as well as the bones that support the teeth.
Periodontitis can also cause tooth loss. It usually results
from poor oral and dental hygiene. The microbes respon-
sible for periodontitis are Fusobacterium nucleatum and
Pseudomonas aerobicus which can colonize on a variety of
surfaces including mucosal surfaces in oral cavity (Lamont
and Jenkinson 1998; Kokare et al. 2007). Colonization
helps the microbes to alter the calcium flux, invade mucosal
cells and release toxins. Plaque, which is also a biofilm
community, is seen within 2—3 weeks of bacterial infection.
With increase in the amount of plaque, saliva (which has
bactericidal properties) cannot penetrate or reach the whole
biofilm and so the dental carries develop in teeth (Overman
2007).

Osteomyelitis

Osteomyelitis is an infection of the bone which can be
caused by bacteria or fungi. Bacterial entry into the bone
can be facilitated by either direct route (bloodstream) or
trauma or an earlier infection (Ziran 2007). When con-
tracted via bloodstream, the metaphysic of the bone gets
infected, after which the leucocytes enter the region. These
leucocytes try to engulf the pathogen by secreting enzymes
which in turn lyse the bone. This leads to the formation of
pus which spreads on the blood vessels of the bone, thus
stopping the proper flow of blood and making the infected
areas of the bone devitalized (Kumar et al. 2007). Interest-
ingly, S. aureus is found to be predominantly present in
such cases as a causative agent (Lew and Waldvogel 2004).
S. aureus has fibrin receptors and thus can bind to fibrino-
gen present in the bone matrix and can start biofilm forma-
tion. This affinity of S. aureus to bind to fibronectin, colla-
gen and laminin makes it easy for the pathogen to colonize
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the bone by forming a biofilm (Ciampolini and Harding
2000).

Infection in chronic wound

Recent literature has documented the presence of biofilm-
associated bacteria in chronic wounds which leads to their
persistence (Alhede and Alhede 2014). It has been observed
that S. aureus biofilms are related to chronic wounds like
diabetic foot ulcer, pressure sores and venous ulcers. It has
been reported that the dermal tissues of chronic wounds
house many bacteria which can cause persisting infections
in wounded tissues (Bjarnsholt 2013). Almost 88-98 % of
wound infections have been found to be S. aureus posi-
tive (Hansson et al. 1995; Gjodsbol et al. 2006). Patients
having S. aureus biofilm infections in diabetic ulcers need
more healing time (Bowling et al. 2009) due to delay in
re-epithelialization of the infected tissue. It has been seen
that wounds infected with P. aeruginosa are larger in size
in comparison with wounds having no bacteria. The pres-
ence of P. aeruginosa also delayed the healing process
(Bjarnsholt 2013). Analysis of 22 patient samples by using
specific peptide nucleic acid (PNA) and fluorescence in situ
hybridization (FISH) revealed that the wounds that were
colonized by P. aeruginosa remained in the wound bed
(Bjarnsholt 2013) and S. aureus microcolonies were seen
on the surface of the wound (Bjarnsholt 2013).

Rhinosinusitis

Generally, rhinosinusitis can be described as an inflamma-
tion of sinuses. Symptoms of sinusitis include thick nasal
mucus, nasal irritation, plugged nose and pain in face. Gen-
erally, rhinoviruses are known to cause nasal infections like
common cold. Apart from that, few bacteria like S. pneu-
moniae and H. influenza are also known to cause inflamma-
tion of sinuses. Chronic rhinosinusitis can be described as
an inflammatory disorder, where patients harbour bacterial
biofilms of S. aureus, Streptococcus pneumoniae, Haemo-
philus influenza and Moraxella catarrhalis. S. aureus bio-
films have also been reported on the nasal mucosal surface
of the 50 % of patients (Foreman and Wormald 2010; Ste-
phenson et al. 2010).

Biofilm and drug resistance

It is known that host immune system responds to bacte-
rial infections by activating several signalling cascades,
cytokines and expressing genes associated with stress man-
agement (Hartmann and Schikora 2012; Hartmann et al.
2014). However, host immune responses are not much
effective against bacterial biofilms in comparison with

their planktonic counterpart (Schultz et al. 2010). Many
bacterial pathogens that are initially considered as strictly
extracellular can persist inside the host by the formation of
biofilm through the process of adaptation (De la Fuente-
Nunez et al. 2013) that results in the evasion of the bacteria
from innate immunity of the host. The evasion of biofilms
from host innate response proves harmful to the host, as
the inflammatory influx released by the body in response
to the bacterial infection may damage the host tissues
(Archer et al. 2011). Three hypotheses have been proposed
to explain the possible underlying mechanism of antibiotic
resistance of biofilm-associated bacteria.

The first hypothesis suggests that the antibiotic may
not be able to penetrate completely into the biofilm (Stew-
art and Costerton 2001). Sometimes, if the antibiotic gets
degraded while penetrating the biofilm, the antibiotic action
declines rapidly. Antibiotics may get adsorbed on the extra-
cellular polymeric surfaces of the biofilm which can reduce
the penetration of the antibiotic (aminoglycosides) (Kumon
et al. 1994; Shigeta et al. 1997). Sometimes, antibiotics
which are positively charged in nature can bind to the nega-
tively charged molecules of the biofilm matrix. This inter-
action thereby hampers the passage of the antibiotic to the
biofilm depth (Gordon et al. 1988; Nichols et al. 1988).

Secondly, the microenvironment of the biofilm changes
rapidly that resulted in the malfunction of the antibiotics. In
deep layers of the biofilm, there is no consumable oxygen
left and the niche becomes anaerobic (de Beer et al. 1994).
It has been reported that a class of antibiotics namely ami-
noglycosides are not effective in anaerobic environmental
condition (Tack and Sabath 1985). It has also been reported
that the amount of acidic waste accumulation inside a bio-
film increases which changes the pH of the environment
that may reduce the action of some antibiotics (Stewart and
Costerton 2001). The accumulation of toxic waste or limi-
tation of necessary substrate can lead the bacterial popula-
tion to remain in a dormant, nongrowing form which can
then protect the bacteria from certain antibiotics like cell
wall inhibiting agents and penicillin (Tuomanen et al.
1986). There are zones within a biofilm which are metabol-
ically inactive and this also advocates for this hypothesis
(Stewart and Costerton 2001). Under osmotic stress, bio-
film population reduces the abundance of porins in the bac-
terial membrane that resulted in the considerable reduction
in the transport of some antibiotics inside the cell (Stewart
and Costerton 2001).

The third hypothesis is still under some speculation. It
has been hypothesized that a small population of the bacte-
ria residing in a biofilm may adapt a protective phenotype
(which is in parity with spore formation phenotype) that
resulted in the development of drug resistance in biofilm
population.
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Therapeutic approaches

The biofilm mode of bacterial survival and growth is now
being seen as a serious threat to public health and aware-
ness about such cases draws importance among the scien-
tific as well as social communities. The bacteria residing
in biofilms have enhanced extent of virulence and patho-
genicity. For example, P. aeruginosa can form biofilms in
a wide variety of environmental conditions which can lead
to chronic persisting infections (Bjarnsholt 2013). So to
control the formation and development of biofilm becomes
mandatory. But the increase in virulence and resistance
against known antibiotic also poses a problem in therapeu-
tic designing of drugs. So new strategies for the prevention
of biofilm formation are necessary which can be done by
coating the implants with antibacterial agents, use of broad
spectrum antibiotics and newer drug combinations that are
effective against sessile bacteria. Few strategies that are
being adopted for removal of biofilm-associated bacteria
are: avoidance of attachment of the bacteria to the sur-
face, use of compounds that can disrupt the biofilm forma-
tion, induction of dispersion or degradation of the formed
biofilm (Yang et al. 2012; Blackledge et al. 2013; Masak
et al. 2014). Thus, microbial biofilm inhibition can be man-
aged either by preventing the attachment of the organism
to the surface or by breaking the structure of the biofilm
if they formed (Fig. 8). Therapeutic approaches are one of
the most important disciplines that need to be focused for
proper treatment and prevention of such biofilm-mediated
infections. Nowadays, techniques which do not involve
microbicidal approaches are also being explored for biofilm
inhibition (Sharma et al. 2014).

S. aureus biofilms are the most persistent infections that
sometimes have to be surgically removed. Some therapeu-
tic approaches like administration of vancomycin need to
be used in some cases after surgical removal of the biofilm,
while some patients have to be administered with oral anti-
biotics (Osmon and Berbari 2002). A technique named anti-
microbial lock technique (ALT) can be used to inhibit bio-
film formation in catheters (Bordi and de Bentzmann 2011).
For this technique, antibacterial drugs have to be instilled
in high amount on the catheter surface. But the flipside for
this technique is the occurrence of secondary infections
and toxicity. Compounds that interfere with the QS (NO,
dispersin) can be used to dismantle the biofilm formation
(Bordi and de Bentzmann 2011; Donlan 2011). Compounds
that would interfere with the di-c-GMP biosynthesis can be
of huge help (Antoniani et al. 2010) for the attenuation in
biofilm formation. A compound sulphathiazole (sulphona-
mide) has been reported to work against E. coli biofilms
by inhibiting c-di-GMP biosynthesis. Iron-chelating com-
pounds can be used to disrupt Pseudomonas aeruginosa
biofilms if used along with aminoglycosides (Moreau-Mar-
quis et al. 2009; Reid et al. 2009; Bordi and de Bentzmann
2011). Beta lactam agents can be used for treatment of bio-
film infections which exhibit time-dependent action against
microorganism. For diseases like osteomyelitis, penicillin
G and toxacillin can be used as a first line of antibiotics
against S. aureus biofilms (Archer et al. 2011). Vancomy-
cin is used for treating of methicillin-resistant S. aureus
biofilm infection as the resistance against this antibiotic is
rare (only 15 resistant cases have been found worldwide;
Perlroth et al. 2008). But too much usage of vancomycin
can lead to infections of Clostridium difficile in patients

Fig. 8 Strategies for prevention
of biofilm formation on implant
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(Archer et al. 2011). But to be on the safer side, linezolid
and daptomycin can also be used for effective treatment of
S. aureus infections (Fraimow 2009). Other antibiotics like
rifampin can kill sessile bacteria which can be of help in
removal of biofilm-associated bacteria. Rifampin has neg-
ligible side effects but can be used only with vancomycin
as a drug combination (Perlroth et al. 2008). Biofilm infec-
tion can also be eradicated with the use of an antimicrobial
agent on the implanted device. Bone cement containing
antibiotics, calcium sulphate beads coupled with antibiotics
(Wahlig and Dingeldein 1980) show high efficacy against
infections on open fractures followed by prophylaxis
(Archer et al. 2011). The beads can also dissolve in the
body fluids without any side effects and so there is no need
for any other procedure for removal of the beads. The type
of causative agent, the availability of the antibiotic in the
powdered form and the retention of activity of the antibi-
otic in host play crucial role during the selection of drug
against a particular microbial infection (Rao et al. 2011).
Antibiotics like gentamycin and tobramycin are being used
in countries of Europe, USA and UK for biofilm eradica-
tion (Archer et al. 2011). Other antimicrobial agents like
nanosilver particles (Alt et al. 2004), inflammatory media-
tors like IL 12 (Boyce et al. 2012), secondary messengers
like nitric oxide (Archer et al. 2011) and phages (anti-
Staphylococcal) are being tested for their efficacy against
the infectious biofilms of S. aureus (Archer et al. 2011).
There are other therapeutic approaches for combating bio-
film-related infections like the use of titanium prosthesis
having silver coating which have been effectively reducing
infection in bone sarcoma patients up to 5.9 % (Bruellhoff
et al. 2010). Silicon elastomers along with triclosan have
been reported to prevent 99 % of E. coli biofilms. Sili-
cone coated with triclosan (> 0.1 %w/w) has been found
to inhibit biofilm formation of S. epidermis. Mangainin I
is a well-known antimicrobial peptide (23 amino acids
long) extracted from Xenopus laevis which shows activity
against both gram-negative and gram-positive bacteria. It
has been observed that Mangainin I when covalently linked
to II-mercapto undecanoic acid and 6-mercaptohexanol in
1:3 ratios reduces the bacterial adhesion (Humblot et al.
2009). Recently, non-leaching, permanent, sterile-surface
materials have been developed where the antimicrobial
compounds are covalently attached to the surface of a
material. The antimicrobials can work on the membrane of
the bacteria instead of any intracellular organelle and kill
the cells. These sterile-surface materials kill both air and
waterborne drug-resistant pathogens (Lewis and Klibanov
2005). It has been observed that a peptide named nisin in
combination with lipid II can make pores on the membrane
of gram-positive bacteria (Humblot et al. 2009) that results
in the killing of bacterial population in biofilm. Another
way of avoiding bacterial biofilms on medical devices is

creating antimicrobial surfaces with silicone rubber, cova-
lently coupled with quaternary ammonium silane (QAS).
This reduces 90 % of the staphylococci growth, and the
infection by other microbes can also be reduced (Gottenbos
et al. 2002). Resin beads coated with PEO (polyethylene
oxide) spacers and antimicrobial proteins can decrease the
microbial infection as well as biofilm formation (Bruellhoff
et al. 2010). It was reported that there was a decrease of
88-98 % in the infection rate of S. epidermis, S. mutans,
P. aeruginosa by the use of RGD (arginyl-glycyl-aspartic
acid) peptides (Bruellhoff et al. 2010). Bioactive RGD
peptides also refute the adhesion of S. aureus on any sub-
stratum or surface (Maddikeri et al. 2008). It has also been
reported that a biopolymer namely collage can also reduce
the biofilm formation of E. coli by reducing the adhesion
of the bacteria (Bruellhoff et al. 2010). A compound named
cis-2-decanoic acid released from P. aeruginosa can dis-
perse biofilms of E. coli, K. pneumoniae, P. mirabilis, S.
pyogenes, B. subtilis, S. aureus and C. albicans (Davies and
Marques 2009). D-amino acids secreted by certain bacte-
ria can also inhibit the biofilm formation of P. aeruginosa
(Kolodkin-Gal et al. 2010). N-acetyl cysteine, a deriva-
tive comes from the amino acid L-cysteine, inhibits bio-
film formation of S. epidermis (Perez-Giraldo et al. 1997).
Enzymes that target matrix of the biofilm can also be used
as a disrupting agent against bacterial biofilms. Among the
gram-negative bacteria, Actinobacillus actinomycetemcom-
itans can disrupt biofilms of other bacteria like S. epider-
mis by the production of a compound dispersin B (Kaplan
et al. 2004). Proteases like trypsin and proteinase K can
disrupt biofilms produced by S. aureus (Chaignon et al.
2007). It has been reported that bacteria use extracellular
DNA to form biofilms. To disrupt such kind of biofilms,
DNase I can be used to degrade the e DNA released by S.
aureus (Izano, et al. 2008). But the in vivo efficacy of such
enzymatic treatment has not yet been established properly.
Another class of antimicrobials namely furanone that is
secreted by red alga Delisea pulchra has been reported to
inhibit the biofilm formed by S. epidermis (Baveja et al.
2004). In case of P. aeruginosa, alginate lyase which is
produced by the bacterium itself has been reported to act
in combination with antibiotics and thus helps in the clear-
ance of P. aeruginosa biofilms (Rasamiravaka et al. 2015).
But another study has also reported that alginate lyase does
not have any catalytic activity but acts a source of nutrition
and it can modulate the metabolism of the cells which lead
to detachment of the cells which in turn enhance the activ-
ity of the antibiotics (Lamppa and Griswold 2013).
Nano-plasma trimethyl silane (TMS) coating can be
used on stainless steel or hydrophilic surfaces to prevent S.
epidermis biofilms (Ma et al. 2012). Glass surfaces grafted
with poly carboxybetaine methacrylate have been used to
prevent S. epidermis and P. aeruginosa attachment (Cheng
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et al. 2007). Silane xerogel coatings can provide super
hydrophobic coating and act as antiadhesion agent against
biofilm-forming bacteria (Privett et al. 2011). Cationic sur-
factant CTAB (cetrimonium bromide) can be used to con-
trol biofilm formed by Pseudomonas fluorescens by reduc-
ing the respiration of bacterial cells (Simoes et al. 2005).
Rosmarinic acid is a compound (phenol) that is naturally
produced from the root of Ocimum basilicum L. can act
against LasR and RhIR receptors proteins, thereby inhib-
iting QS mechanism in P. aeruginosa (Annapoorani et al.
2012). Another compound ellagic acid (Terminalia chebula
Retz) and its derivatives have also been reported to down-
regulate genes associated with las IR and rh1 IR which
leads to reduction in virulence and increases sensitivity
towards antibiotics (Sarabhai et al. 2013). A compound
(allyl sulphide) namely ajoene which has been isolated
from garlic can affect the genes which regulate QS in P.
aeruginosa. This compound (ajoene) also acts synergisti-
cally with tobramycin in order to kill the bacteria in pulmo-
nary infection (Jakobsen et al. 2012). Another compound
namely S-phenyl-L-cysteine sulphoxide and the derivative
compound diphenyl disulphide have also shown to disrupt
biofilm of P. aeruginosa (Cady et al. 2012). Ginger (Zin-
giber officinale Rosc.) extracts have also been reported to
inhibit biofilm formation of P. aeruginosa PA14 by reduc-
ing the production of c-di-GMP and total polysaccharide
(Kim and Park 2013). Some Chinese traditional medicinal
plants have also shown promise as antibiofilm agents. An
anthraquinones compound from Rheum palmatum L. has
shown to inhibit biofilm formation of P. aeruginosa when
administered at a concentration of 20 uM and also increases
the activity of antibiotic ampicillin (Ding et al. 2011).
Another compound named flavan-3-ol catechin extracted
from the bark of a plant Combretum albilorum (Tul.) Jong-
kind has been reported to interfere with QS mechanisms of
a strain PAOL1 of P. aeruginosa (Rasamiravaka et al. 2013).

Future area of study

The treatment of microbial infections involving biofilm
becomes quite challenging because of the difficulty to
understand the complexity of the microbial interactions
within the biofilm along with their increasing antibiotic
resistance properties and ability to persist in harsh environ-
ments. For the inhibition of microbial biofilm formation,
efforts have to be given to prevent the microbial coloni-
zation to the surface since colonization is the first step in
microbial biofilm formation. The identification of potential
targets for the inhibition of intercellular communications
may also provide the means to inhibit biofilm development
since intercellular communications are certainly required
for biofilm development and persistence. In order to break
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the existing biofilms, serious attempts have to be given to
break the extracellular polymeric matrix as this matrix holds
the biofilm firmly. The future of biofilm research relies upon
various concerted efforts from scientists of different disci-
plines to understand the complexity of biofilm formation
and device efficient strategy for biofilm inhibition.

Conclusion

Biofilm formation by bacteria and their subsequent resist-
ance to antibiotic and bactericidal is a slow but serious
threat to public as well as domestic health. Biofilm forma-
tion has become a ubiquitous phenomenon not only for
human infections, but also on nonbiological aspects. Bio-
films are formed on food items and water which are consid-
ered as the basic necessities of daily life. Current therapeu-
tic approaches for prevention of biofilms is limited to use of
antimicrobial agents and postinfection remedy lies in surgi-
cal removal of the biofilm followed by continued antibiotic
administration. But nonetheless novel strategies are also
being used to combat the problem. Option of vaccination
against specific biofilm-associated bacteria is also being
explored and one can hope that prevention and inhibition of
biofilms by bacteria can be achieved in near future.
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