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Abstract: Microbial biofilm is an organized community of bacterial cells enclosed in a self-produced
polymeric matrix that is adherent to an inert or living surface. Self-produced extra-polymeric matrix facilitates
the survival of microorganisms in an adverse environment. These matrices contain polysaccharides, proteins,
and extracellular microbial DNA. The biofilm can consist of one or more microbial (bacterial or fungal)
species. Pathogenic bacteria in biofilms are resistant to current therapeutic regimes due to their resistant phe-
notype. The efficient removal of biofilm is a big challenge in the healthcare sector especially in the living
system where harsh chemicals and high temperatures cannot be used. Instead of that milder reagents such as
enzymes can be of great importance as enzymes are highly selective and capable of disrupting the structural
stability of the biofilm matrix. These enzymes can degrade extra polymeric substance which in turn exposes
the pathogenic bacterial cells to antibiotics and subsequently host immune response can also act efficiently to
clear the infectious agents. Many enzymes namely DNase I, -amylase, protease, alginate lyase, and dispersin
B have been employed to degrade biofilm. The selection of one enzyme or the combination of enzymes
depends on the chemical nature of the biofilm matrix. The present article focuses on the mechanism involved
in biofilm formation, types of biofilms and their destruction with the application of various enzymes of micro-
bial origin.
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Introduction
A structural community of bacterial cells sur-

rounded in a self-produced polymeric matrix that
is attached to an inert or living surface is called
microbial biofilm. The self-produced extra-poly-
meric matrix facilitates the survival of bacterial
cells in an adverse environment. The matrices
contain polysaccharides, proteins, and extracel-
lular microbial DNA. The biofilm can consist of
one or more microbial (bacterial or fungal) spe-
cies 3. Biofilms comprise multiple microorgan-
isms that are found to be associated with the bi-
otic and abiotic surfaces. Biofilms can be either
single or multilayered and can have either homog-
enous or heterogeneous populations of bacteria
that remain in the matrix made up of extracellu-

*Corresponding author (Wamik Azmi)
E-mail: < wamikazmi@rediffmail.com >  2020, Har Krishan Bhalla & Sons

ISSN Online: 2349-7785

Received 17 November 2019; accepted in revised form 19 February 2020

lar polymeric substances secreted by the constitu-
ent population of the biofilm 43. Biofilms can eas-
ily develop on the inert surfaces of medical de-
vices, contact lenses and catheters or living tis-
sues, as on epithelium of the lungs (particularly
in cystic fibrosis patients), on the endocardium
and wounds 3. Biofilm can also be formed in dis-
eases like endocarditis, periodontitis,
rhinosinusitis, and osteomyelitis, but it is mostly
seen in medical implants and urinary catheters
(Table 1). These infections can often only be
treated by removal of the implant, thus increas-
ing the trauma to the patient and the cost of treat-
ment. The formation of microbial biofilms is an
important reason for the failure of anti-microbial
therapy. The biofilm generally cannot be treated
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by antibiotic therapy because the microorganisms
in it remain unaffected. The biofilm infection in-
dications are recurrent even after several antibi-
otic therapy cycles and the only successful means
of eradicating the cause of the infection is the re-
moval of the implanted device or the surgical re-
moval of the biofilm that has formed on live tis-
sue 3.

Biofilms are ubiquitous in nature therefore, it
is difficult to eradicate them. It has been seen
that many infectious diseases harbor biofilms of
bacterial pathogens as the reservoir of persist-
ing infections which can prove fatal at times 43.
Growing microorganisms cause chronic infec-
tions that share clinical characteristics, like per-
sistent inflammation and tissue damage. A large
number of chronic bacterial infections include
bacterial biofilms, making these infections very
hard to be eradicated by conventional antibiotic
therapy 3. Different biofilms differ from their
free-living counterparts in their growth rate, con-
stitution, structure, and increased resistance to
biocides, antibiotics, and antibodies by
upregulation and/or down-regulation of approxi-
mately 40 % of their genes. This makes them
highly difficult to eradicate with therapeutic
doses of antimicrobial agents 99.

The fraction of bacteria evolve as persister cells
(metabolically inert, replicate slowly, modulate
toxin-antitoxin system, upregulate DNA repair
and anti-oxidative machinery, have enhanced
phosphate metabolism and exhibit unresponsive-
ness towards minimal inhibitory concentrations
of antibiotics) are genetically similar but are
physiologically different compared to parent cells
73. Majority of biofilm cells and planktonic cells
normally killed by drug treatment. However, drug-
tolerant persisters repopulate the biofilm, dissemi-
nate into single microbial cells and start a new
cycle of biofilm development 63,73,137 that increases
the duration of treatment of diseases caused by
biofilm-forming pathogenic microorganisms. It
has been observed that bacteria residing within
biofilms is antibiotic tolerant and susceptible to
antibiotics or other chemicals upon dispersal from
a biofilm which suggests that resilience towards
antibiotics is due to phenotypic adaptability and
not essentially due to genetic adaptability 6. Fac-
tors such as mechanical stress, enzymatic diges-
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tion, pH, oxygen availability, temperature, and
limiting nutrition trigger dispersal of cells from
the biofilm. Biofilms induced due to low oxygen
conditions whereas normoxia decreases biofilm
formation 121. Enhanced bacterial respiration re-
duces the persisters in the bacterial population
67,126.

The host immune system reacts to various bac-
terial infections by activating several signaling
cascades, complement activation, cytokines, and
expressing genes associated with stress manage-
ment 46,47. However, host immune responses are
not much effective against bacterial biofilms in
comparison with their single microbial cell coun-
terpart 104. Many bacterial pathogens that are ini-
tially considered as strictly extracellular can con-
tinue to exist inside the host body by the evolu-
tion of biofilm through the process of adaptation
that results in the evasion of the bacteria from the
innate immunity of the host. The evasion of
biofilms from host innate response proves harm-
ful to the host, as the inflammatory influx released
by the body in response to the bacterial infection
may harm the host tissues 7,43. Sub-population of
persister cells is tolerant to high levels of antimi-
crobial agents. Therefore, antibiotics such as â-
lactams which are only active against dividing
cells are not very efficient at eradicating biofilm
infections 50. The EPS matrix also acts as a diffu-
sion barrier to delay the infiltration of some anti-
microbial agents 135. The reactive chlorine spe-
cies in a number of these agents deactivated at
the surface layers of the biofilm before they are
not able to disseminate into the interior of the
biofilm 26. A study showed that oxacillin,
cefotaxime and vancomycin had reduced the pen-
etration throughout S. aureus and S. epidermidis
biofilms 111. However, with the emergence of
multidrug-resistant S. aureus, the desire for more
effective treatments of biofilm-associated infec-
tions becomes imperative 58,98.

Mechanism of antibiotic resistance of biofilm-
associated bacteria
Three hypotheses have been proposed to explain
the possible mechanism of antibiotic resistance
of biofilm-associated bacteria:-
1. The first hypothesis suggests that the antibi-
otic may not be able to penetrate completely into

the deep layers of biofilm 116. Sometimes, if the
antibiotic gets degraded while penetrating the
biofilm, their action decreases rapidly. Antibiot-
ics may get adsorbed on the extracellular poly-
meric surfaces of the biofilm which can diminish
the penetration of the antibiotic (aminoglycosides)
68,109. Sometimes, the negatively charged mol-
ecules of the biofilm matrix can bind to positively
charged antibiotics in nature. This interaction and
binding thereby hamper the passage of the anti-
biotic to the biofilm depth 41,90.
2. The biofilm changes their microenvironment
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 26. It has been reported that a class of
antibiotics namely aminoglycosides are not effec-
tive in anaerobic environmental condition 119. It
has also been found that the increase in the amount
of acidic waste accumulation inside a biofilm
changes the pH of the environment and subse-
quently may reduce the action of some antibiot-
ics 116. The accumulation of toxic waste or limita-
tion of the necessary substrate can lead the bacte-
rial population to remain in a dormant, non-grow-
ing form which can protect the bacteria from cer-
tain antibiotics like cell wall inhibiting agents and
penicillin 123. The biofilm population decreases
the abundance of porins in the bacterial membrane
under osmotic stress that consequence in the re-
duction in the transport of some antibiotics in-
side the cell 116.
3. It has been proposed that a small population of
the bacteria residing in a biofilm may adapt a pro-
tective phenotype that results in the development
of drug resistance in biofilm population 43. Anti-
biotics and chemical treatment my sometimes dis-
turb the gut microflora and cause susceptibility
to infection caused by Clostridium sp.18. The
symbiota of gut (probiotics) has an important role
in maintaining microbial composition, metabo-
lism, and immunity of gut by immune-modulat-
ing systemic immunity and pH 112. Gut microf-
lora compete with pathogens for binding sites and
neutralize toxins released by pathogens.
Microbiota as probiotics have potentials for use
against biofilms associated with dental plaque,
chronic wounds, and urogenital infections 113,127.

The biofilm matrix is composed of DNA, pro-
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teins, extracellular polysaccharides and its resis-
tance to antibiotics indicates that the disruption
of the biofilm structure could be achieved via the
degradation of individual biofilm compounds by
various enzymes 3.

The major types of biofilms
Pseudomonas aeruginosa Biofilms

In cystic fibrosis (CF) patients the principal
pathogen in the lungs is P. aeruginosa. Bacterial
chronic colonization leads to progressive lung
damage and eventually respiratory failure and
death in most CF patients. In P.aeruginosa; a com-
plex quorum sensing hierarchy plays a central or
very important role in the regulation of virulence
and contributes to the late stages of biofilm matu-
ration. Antibiotic therapy in patients colonized
with P. aeruginosa often gives a measure of re-
lief from symptoms but fails to cure the beset
ongoing infection. This is because the antibiotic
therapy cannot eliminate the antibiotic-resistant
sessile biofilm communities 2.

Staphylococcal Biofilms
Intercellular adhesions of Staphylococcus

epidermidis within PIA biofilms are a major cause
of medical device-related infections 42. The slime
substance PIA is a polysaccharide composed of
beta-1, 6-linked N-acetyl glucosamines with
partly diacetylated residues, in which the cells are
embedded and protected against the host’s im-
mune defense and antibiotic treatment. The ge-
netic and molecular basis of biofilm formation in
staphylococci is multifaceted. Various proteins
such as the staphylococcal surface protein (SSP1),
the accumulation-associated protein (AAP), the
biofilm-associated protein (Bap), and the clump-
ing factor A (Clf A) are involved in biofilm for-
mation of Staphylococcus epidermidis 2.

Dental Biofilms
Dental biofilms, commonly called plaque are

the most well studied natural biofilm in humans.
The development of dental biofilms follows a
sequence of events and involves hundreds of spe-
cies of bacteria. The tooth enamel becomes coated
with a variety of proteins and glycoproteins of
host origin and this coating is called as acquired

pellicle. The primary colonizers, first streptococci
and later actinomycetes, colonize the surface of
the teeth by adhesion molecules and pilli. The
bacteria on the pellicle undergo cell to cell inter-
action via quorum sensing. Several streptococci,
including Streptococcus mutans and related or-
ganisms, begin to synthesize insoluble glucan via
glucan binding protein. Bridge bacteria (members
of the genus Fusobacterium) form aggregates with
primary colonizers. The late colonizers form ag-
gregate with bridge bacteria. The biofilm prima-
rily consists of nonpathogen at this point. How-
ever, in the presence of dietary sucrose and other
carbohydrate, acids are produced via fermenta-
tion, which leads to demineralization of the tooth
enamel, over time, caries. The microbial flora
continues to change if the plaque is allowed to
remain undisturbed on the teeth for several days.
The last colonizers of the biofilm are considered
pathogenic because of their role in periodontal
disease. The most important pathogens include
Porphyromonas gingivalis, Bacteriodes forsythus,
Actinobacillus actinomycetie-mcomitans, and Tre-
ponema denticola 102.

Candida Biofilms
Most manifestations of candidiasis are associ-

ated with the formation of Candida biofilms on
surfaces and it is also associated with infections
at both mucosal and systemic sites. Candida
biofilms share several properties with bacterial
biofilms. C. albicans biofilm formation has 3 dis-
tinct developmental phases: early (0-11h), inter-
mediate (12-30h), and mature (38-72h). The de-
tailed structure of mature C. albicans biofilms
consists of a dense network of yeast, hyphae and
pseudohyphae. This mixture of yeast, hyphae, and
the matrix material is not seen when the organ-
isms are grown in liquid culture or on an agar
surface, which suggests that morphogenesis is
triggered when an organism contacts a surface
28,29,100. The C. dubliniensis can adhere to and form
biofilms with structural heterogeneity and typi-
cal microcolony and water channel architecture
similar to bacterial biofilms and C. albicans
biofilms 93,100. Indwelling intravascular catheters
represent a risk factor that is associated with noso-
comial Candida infections.
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Fig. 1. The process of biofilm formation

Biofilm formation
Biofilm formation is a dynamic process and

different mechanisms are involved in their attach-
ment and growth 103. The biofilm-forming micro-
organisms possess specific mechanisms for ini-
tial attachment to a surface, the formation of
microcolony leading to the development of a
three-dimensional structure of mature biofilm. In
most biofilms formation, unicellular organisms
come together to form a community that is at-
tached to a solid surface and covered in an
exopoly-saccharide matrix. The microorganisms
account for less than 10 % of the dry mass,
whereas the matrix can account for over 90 %.
Biofilm growth is guided by a series of physical,
chemical, and biological processes 43, and forma-
tion can be divided into three main stages: early,
intermediate, and mature 3. Biofilm formation and
maturation are sequential, dynamic, and complex
processes, which depend on the substratum, the
medium, intrinsic properties of the cells, signal-
ing molecules, cellular metabolism, and genetic
control. The process of biofilm formation begins
with a conditioning layer of organic or inorganic
matter on a surface. This conditioning layer al-
ters the surface characteristics of substratum
which eventually favors microorganisms to colo-
nize on surface 103.

Process of biofilm formation
The process of formation of biofilms comprises

several distinct steps (Fig 1):

Step 1
Initially bacterial cells attach reversibly via

weak interactions (such as van der Waal forces)
with an abiotic or biotic surface 15,27. The bacteria
cells attach reversibly to a solid living or non-
living substratum 92 by van der Waal forces, steric
interactions, and electrostatic (double layer) in-
teraction, collectively known as the DLVO
(Derjaguin, Verwey, Landau and Overbeek) forces
38. The surface of the substratum is conditioned
by the host matrix proteins (fibrinogen,
fibronectin, and collagen), forming a condition-
ing film that facilitates adhesion by the bacteria
35,98. In this stage, microbial cells adhere to the
surface either by physical forces or by bacterial
appendages such as Pilli or flagella. Different fac-
tors like surface functionality, temperature, and
pressure can modulate the bacterial adhesion
greatly. Attachment of a microbial cell to a sur-
face is known as adhesion, whereas the attach-
ment among microbial cells is termed as cohe-
sion.

Step 2
The irreversible attachment to the surface via

hydrophilic/hydrophobic interactions through
several attachment structures (flagella fimbriae,
lipopolysaccharides, or adhesive proteins) 15,27. A
number of the reversibly adsorbed cells remain
to immobilize and become irreversibly adsorbed
as a result of the hydrophobic and hydrophilic
interaction between the bacteria and the surface
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75,98. The irreversible attachment occurs when the
attractive forces are greater than repulsive forces
38. It has been reported that the physical append-
ages of bacteria like flagella, fimbriae and pili
overcome the physical repulsive forces of the elec-
trical double layer of the cell and the surface and
consolidate the interactions between bacteria and
the surface 66. Cell surface hydrophobicity also
plays a crucial role in biofilm formation when the
bacteria adhere to a hydrophobic nonpolar sur-
face because the hydrophobic interaction between
the surface and the bacteria reduces the repulsive
force between them 122. Therefore, in the first and
second stages of biofilm development, microbial
cells initially loosely associate with the concerned
surface, succeeded by specific and strong adhe-
sion 43,45.

Step 3
The proliferation and production of a self-pro-

duced extracellular polysaccharide (EPS) matrix
mainly composed of polysaccharides, proteins,
and extracellular DNA and ultimately the devel-
opment of the biofilm architecture 17,34. The mi-
crobial cells communicate with each other by
the production of autoinducer signals 25,124 that
results in the expression of biofilm-specific genes.
In this stage, microorganisms secrete a matrix of
EPS to stabilize the biofilm network. It was found
that P. aeruginosa makes and releases three
polysaccharides, namely alginate, Pel and Psl
which provide stability to the biofilm. Alginate
interacts with nutrients and water and supplies
nutrients to the biofilm 101. Pel (glucose-rich
polysaccharide) and Psl (pentasaccharide) act as
a scaffold for the structure of the biofilm 20,36. It
has been reported that eDNA is also responsible
for cellular communication and stabilization of
P. aeruginosa biofilm 40. Young Pseudomonas
biofilms are more susceptible to DNase treatment
compared to mature biofilm which suggests the
stabilizing role for eDNA during the initial biofilm
stages when EPS components are less 132. The
biofilm at this stage becomes multi-layered and
their thickness increased up to 10 mm 43.

EPS are responsible for binding of cells and
other particulate materials together (cohesion) and
to the surface (adhesion) 5,16,118. The general com-

position of bacterial EPS comprises polysaccha-
rides, proteins, nucleic acids, lipids, phospholip-
ids, and humic substances 55,118. According to
Tsuneda et al, (2003), proteins and polysaccha-
rides account for 75-89 % of the biofilm EPS com-
position, indicating that they are the major com-
ponents. Biofilms form a gel phase where micro-
organisms live inside 118. The EPS matrices act as
a barrier and have a protective effect on biofilm
microorganisms against adverse conditions. The
EPS matrix delays or prevents antimicrobials from
reaching target microorganisms within the biofilm
by diffusion limitation and/or chemical interac-
tion with the extracellular proteins and polysac-
charides 48,78. Lipids and nucleic acids might
significantly influence the rheological properties
and thus the stability of biofilms 87. The extracel-
lular DNA is required for the initial establishment
of biofilms by P. aeruginosa and possibly for
biofilms formed by other bacteria that specifically
release DNA 132.

Step 4
The fourth phase in biofilm formation is the

maturation phase, bacteria grow, multiply and
form microcolonies or mature biofilm 45. The
mature biofilm contains water channels that ef-
fectively distribute nutrients and signaling mol-
ecules within the biofilm 30,45. Once microcolonies
are formed in optimal growth conditions, the
biofilm undergoes the maturation stage where a
more complex architecture of biofilm is estab-
lished with water channels equipped to aid the
flow of nutrients into the deep interior of the
biofilm. The cells from different regions of a
biofilm can show different gene expression pat-
terns due to the different physicochemical condi-
tions in terms of oxygen availability, diffusible
substrates and metabolic side products, pH, and
cell density 98. The size of the microcolony at this
stage increases and its thickness reaches to about
100 mm. Microcolonies in biofilm quite often
consist of diverse microbial communities. There-
fore, multispecies micro-consortia function in a
relatively complex manner 43. Their proximity
enhances substrate exchange, distribution of meta-
bolic products, and removal of toxic or waste end
products 24.
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Step 5
The dispersion of microbial cell marks the shed-

ding of the biofilm and return of sessile cells to
the motile form 44. The detachment of biofilm cells
takes place individually or in clumps due to in-
trinsic or extrinsic factors. The biofilm spreads
and colonizes to the new surfaces to form biofilm.
The microbial community inside the biofilm pro-
duces different saccharolytic enzymes that break
the biofilm stabilizing polysaccharides and
thereby releases surface bacteria residing on the
top of the biofilm structure for colonization to a
new surface 43. The P. fluorescens and P.
aeruginosa release various enzymes such as algi-
nate lyase, E. coli releases N-acetyl-heparosan
lyase and Streptococcus equisimilis produce hy-
aluronidase for the breakdown of the biofilm
matrix 117. Moreover, at this stage microorganisms
upregulate the expression of the flagella proteins
which make the organisms motile, and bacteria
can move 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 94.

Step 6
Finally the cells get dispersed from biofilms and

subsequently colonize at other niches 103,115. The
dispersed bacterial cells from the biofilm, either
by physical detachment or signaling events fol-
lowed by the hydrolysis of EPS, return to the
mobile state to enable the occupancy of new
niches. The subsequent biofilm formation occurs
similarly but at a new site 14,98.

Biofilm degradation by enzymes
Various antibiotics and other chemicals have

been involved in the removal of biofilms. In P.
aeruginosa clarithromycin blocks biofilm matrix
formation 136. The overall thickness of the biofilm
reduces by ciprofloxacin and exposes the imma-
ture biofilm to phagocytosis by polymorpho-
nuclear neutrophils and the matrix polymer of
biofilm in S. aureus was dissolved by Streptoki-
nase 85. The acyl-homoserine lactone interferes
with cellular signaling mechanisms that have been
used for quorum sensing adversely affects nor-
mal biofilm formation 95. However, due to the
antibiotic resistance of biofilm-associated bacte-

ria, alternate and efficient tools are needed to over-
come these limitations and the use of different
enzyme.

The composition of the EPS matrix has been
studied in bacteria such as P. aeruginosa, Bacil-
lus sp, staphylococcus sp, streptococcus spp. The
constituent of the extracellular matrix depends on
the environment and the bacteria present within
the biofilms. The main component of biofilms is
DNA, polysaccharides, proteins, and EPSes. The
degradation of matrix components can weaken or
disperse biofilms and studies show that the com-
plete and effective disruption of the architecture
of the biofilm could be done by various enzymes
32. The common enzymes used for disruption of
the biofilms are deoxyribonucleases, proteases,
glycoside hydrolase, lysostaphin, lyase, and
lactonase.

Deoxyribonucleases
Deoxyribonuclease was found to be effective

against the biofilms formed by both Gram +ve
(S. aureus and S. pyogenes) and Gram –ve
(Acinetobacter baumanii, H. influenza, K. pneu-
monia, E. coli and P. aeruginosa) bacteria (Table
2). Researchers showed that the DNase is highly
effective at the concentration of 5 mg/ml and able
to significantly degrade 24h active biofilms bio-
mass by approximately 40 % 120. They also no-
tice the synergistic effects of DNase1with antibi-
otics (azithromycin, rifamycin, levofloxacin,
ampicillin). Table 2 summarizes many of the
DNase that has been shown to have biofilm-dis-
rupting activity.

Proteases
Proteinase cleaves the matrix or surface pro-

teins and inhibits dispersal of established biofilms
or biofilm formation 98. Extracellular proteins are
a major EPS component that can represent a sub-
stantial portion of the biofilm’s dry mass 56,70,83,114.
The S. aureus alone, secrete ten proteases, four
of those [V8 serine protease (SspA), two
staphopains (SspB and ScpA), and aureolysin
(Aur)] be involved in biofilm disruption 1,77,79,82,107.
Exoproteins are essential for the ability of mi-
crobes to sustain and modify the EPS 61,138 and
certain proteins, such as DNA-binding proteins
(DNABPs), functional amyloids/amyloid-like
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proteins (FA/ALPs) and other biofilm-associated
proteins (Baps), are vital contributors to surface
and EPS adhesion and the overall physical stabil-
ity of the biofilm matrix 70. Thus, enzymatic deg-
radation of EPS exoproteins has the potential to
cause a massive dispersal event. Table 3 summa-
rizes many of the proteases that have been shown
to have anti-biofilm activity.

Glycoside hydrolase
Most biofilms are highly dependent on the pres-

ence of secreted extracellular polysaccharides, or
exopolysaccharides, as major EPS constituents
9,33,133. They perform many important functions for
the establishment and persistence of biofilms in-
cluding, structural stability, physical and chemi-
cal defense against antimicrobials and the host
immune system, adhesion and aggregation of
microbial cells, desiccation tolerance, sorption of
organic and inorganic compounds and can pro-
vide a carbon source in times of nutrient starva-
tion 33,74,130. A significant amount of research into
targeting exopolysaccharides with glycoside hy-
drolases as a means for dispersing biofilms has
been performed due to their importance for the
establishment and maintenance of biofilm archi-
tecture. The -amylase is one of the examples of
glycoside hydrolases and its biological function
was investigated for inhibition and removal of S.
aureus biofilms 22. The results indicate that amy-
lase could be used shortly to control of S. aureus
biofilm infection 103. Cellulase from Penicillium
funiculusum was effective in degrading mature
biofilms of P. aeruginosa; and it was also found
to be useful in degrading the exopolysaccharides
of P. fluorescens 76,125. Dispersin B, a biofilm-re-
leasing enzyme produced by the Gram-negative
periodontal pathogen Actinobacillus actino-
mycetecomitans could eliminate the biofilm in half
of the catheter tested in a sheep model for port-
related bloodstream infection 62. The lists many
of the glycoside hydrolases that have exhibited
biofilm-disrupting ability has been summarized
in Table 4.

Lysostaphin
Lysostaphin is a naturally occurring enzyme that

can effectively invade into biofilms 12. The acti-

vity of lysostaphin toward biofilms was investi-
gated 128 on clinical and reference strains of S.
aureus and S. epidermidis. Their findings suggest
that lysostaphin is capable of eradicating biofilms
of all S. aureus and S. epidermidis strains effec-
tively 103. Lysostaphin is a natural staphylococcal
endopeptidase that can penetrate bacterial biofilms
12. Lysostaphin is a glycyl-glycine endopeptidase
which specifically cleaves the pentaglycine cross-
bridge in the staphylococcal peptidoglycan and
disrupts the extracellular matrix of S. aureus
biofilms. The lysostaphin markedly reduced bio-
mass thickness when applied to biofilms of S.
aureus clinical isolates grown in vitro 65,134. It has
been demonstrated that lysostaphin is effective
in the treatment of established biofilm infections
on implanted jugular veins catheters in mice, par-
ticularly in combination with nafcillin 98. The anti-
microbial properties of lysostaphin were analyzed
by Walencka et al,128, and biofilm inhibitory con-
centration (BIC) of the enzyme for 13 S. aureus
and 12 S. epidermidis clinical strains were also
determined 3.

Lyase
The co-administration of a lyase with an anti-

biotic was tested to inhibit and eradicate biofilms
4. The researchers assessed a combined effect of
alginate lyase (20 g/mL) and gentamycin (64
g/mL) on a biofilm of 2 mucoid P. aeruginosa
strains. Their results revealed that the combined
treatment caused liquefaction of the biofilm ma-
trix and complete eradication of the biofilm struc-
ture and living bacteria within 96h 103.

Lactonase
Lactonase as a potential antibiofilm enzyme

was also examined and it was found that treat-
ment with 1 unit of lactonase reduced biofilm
formation by 4 P. aeruginosa strains 64. Also,
lactonase treatment disrupted biofilm structure
and increased sensitivity to antibiotics
ciprofloxacin and genta-mycin 64,103. Aleksandra
et al,3 also established the role of lactonase as a
potential antibiofilm agent.

Conclusion
Biofilm formation enables microorganisms to
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endure situations such as immune defenses and
conventional antimicrobial therapies. The biofilms
are the dominant lifestyle of microorganisms in
all environments, either natural or manmade, and
remain a serious concern in the healthcare, food,
and marine industries. This ability has challenged
the treatment of infections caused by such micro-
organisms. The development of effective strate-
gies to combat biofilms is a challenging task. The
rise of antibiotic resistance has led to a decrease
in the efficacy of treatments for the elimination
of biofilm infections. The researchers and clini-
cians have begun concentrating their efforts on
coupling biofilm destruction with antimicrobial
therapy as the increased tolerance of biofilm-em-
bedded pathogens to antibiotics and the fact that
as many as 80 % of all human bacterial infections
are biofilm-associated.

The new approaches such as enzyme treatments
gaining more attention that weaken the structure
of the biofilm and target each important compo-
nent of biofilm. These seem to be better strate-
gies for biofilm dispersal as it can more effec-
tively release biofilm-associated microbes from
the protection of the EPS. Enzyme that can target
the EPS on a molecular scale, or cause the mi-

crobes themselves to actively degrade their bio-
films, may represent the next logical step towards
total eradication of biofilm-afforded protection of
infectious microorganisms.

Future prospective
The major role of biofilm is in providing anti-

microbial resistance, in chronic diseases and
biofilm itself as a reservoir for pathogenic organ-
isms. Microbial biofilm research is proceeding on
many fronts with particular emphasis on elucida-
tion of the genes specifically expressed by
biofilm-associated organisms. More research is
needed that should focus on the development of
new methods of degradation of biofilms. Re-
searches in the fields of food and water, clinical,
environmental, and industrial microbiology have
begun to investigate microbiological processes
from a biofilm perspective.
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