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Introduction
About 3.6 billions years ago the first bacteria
appeared on earth which happens to be about
100,000 years before the Homo sapiens'. Today
microorganisms are found to live in any
environment due to their survival mechanism. It
was only in 1884 that Robert Koch identified that
microorganisms are the cause of diseases®. These
microorganisms can attach to living and non-living
surfaces like medical devices which include urinary,
venous, and arterial catheters, shunts, heart valves
and tubes. The attached microorganisms aggregate
and multiply into mushroom like shape which
is held together by glycocalyx, an extra cellular
“polysaccharide matrix” which is known as biofilm.
Microbial biofilms, which often are formed by
antimicrobial-resistant organisms, are responsible
for 65% of infections treated in the developed
world?. About 24% of adults have lost atleast 4
mm of periodontal attachment, and 60% of 15-
year-olds and 40-50% of adults have some form of
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Abstract | Biofilms play a significant role in the area of clinical medicine. Currently research is in
progress to understand their formation with a view to develop preventive measures to fight the
infections caused due to biofilms that are formed on implanted medical devices. The
determination of biofilm architecture, particularly the spatial arrangement of micro colonies
(clusters of cells) relative to one another, has profound implications for the function of these
complex communities. Moreover, standard antimicrobial treatment fails to eradicate biofilms,
due to the organisms adaptive resistance towards antibiotics. The need of the hour is the
development of antimicrobial molecules or various combination techniques to counter biofilm
infections. This review explains the mechanism of biofilm development and the reasons for its
resistance to antimicrobial agents. Also various possible preventive measures, in particular
development of anti microbial small molecules, are also discussed.

gingival (biofilm) infection*> due to biofilm related
infection. In a study of 4,000 infants who were
given cerebrospinal-fluid shunts, 15-20% infants
were found to be infected by biofilm®. Most of
the infections are related to urinary catheters and
intravascular devices. In fact, 95% of urinary tract
infections are associated with a urinary catheter,
86% of pneumonias are associated with mechanical
ventilation, and 85% of bloodstream infections are
associated with an intravascular device’.

The high percentage of human infection results
from the fact that the microorganisms present in
the biofilm are highly resistant to killing, and to
treatment with microbial agents®. The acute illness
can also be caused due to the shedding of the
bacteria from the biofilms into the surrounding
tissue and the circulation system. Some of the
common microorganisms causing human infection
are listed in Table 1. Most of the biofilm related
infections are caused by E. coli, S. aureus, S.
epidermidis, and Pseudomonas.
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Table 1: Some of the common microorganisms which cause human infections through the formation of biofilms.

Body site species Implant or device

Incidence (%)

Common bacteria

Urinary tract UT catheters 10-20 Escherichia coli
CV catheters 4-12 Staphylococcus epidermidis
Staphylococcus aureus
Temporary pacemaker 4 Staphylococcus epidermidis
Staphylococcus aureus
Percutaneous Peritoneal dialysis catheters ~ 3-5 Staphylococcus epidermidis
Orthopedic pins 50 Staphylococcus aureus
Subcutaneous Cardiac pacemaker 1 Staphylococcus epidermidis
Mammary prosthesis 1-7 Staphylococcus aureus
Soft tissue Intraocular lenses 0.13 Pseudomonas
Staphylococcus epidermidis
Prosthetic heart valve 1.88 Staphylococcus aureus
viridans streptococci
Staphylococcus epidermidis
Circulatory system  Vascular graft 1.5 Staphylococcus aureus
Gram negative bacteria
Bones Prosthetic hip 2.6-4.0 Staphylococcus epidermidis
Staphylococcus aureus
Total knee 3.5-4 Staphylococcus epidermidis
Staphylococcus aureus
Development of biofilms substrate surfaces result in irreversible molecular
In the past two decades sophisticated imaging bridging. Both polysaccharides on the bacterial
techniques have identified the structural, membrane surface and adhesin proteins within

developmental complexity and mechanism of
the formation of biofilm on surfaces. One of
the advanced techniques to observe the biofilm
formation is the use of confocal laser microscopy.
Sessile bacteria growing in heterogeneous matrix,
which were enclosed by micro colonies interspersed
with open water channels facilitate efficient uptake
of nutrient from the bulk phase into the biofilm.
Thus the exchange of optimum nutrient and waste
product provide the first link between formation
and its function”1°,

In general the mechanism of biofilm formation
on medical devices can be understood through a
sequence of five stages (fig 1). The first and the
second stages are the identification and association
with a surface followed by strong adhesion. These
two stages consist of reversible cellular association
with the surface with in the first 1-2 hrs of
post-implantation. This non-specific association
is mediated through long (e.g., gravitational, van
der Waals, and electrostatic interactions) and short
(e.g., hydrogen bonding, dipole—dipole, ionic, and
hydrophobic interactions) range forces.

Stage three and four involve the aggregation of
cells into micro colonies and subsequent growth
and maturation of the biofilm. The third and the
fourth stage take approximately 2-3 h and are
characterized by stronger adhesion between the
bacteria and the foreign material. Specific chemical
reactions between compounds on the cell and

facilitate attachment to substrate surfaces. The shape
of the biofilm can be flat or mushroom shaped
depending upon the nutrient source. Stage five is
known as “transient motility” where the biofilms
are sloughed or shed leading to the formation of
daughter cells!!. These cells travel down stream to
form new attachment sites.

The aggregation and bacterial adhesion to the
surface is due to the extra cellular polysaccharide
(EPS) produced by them. This matrix can be
considered as “house” of the microorganisms which
allows for the formation of stable communities
(“micro consortia”) of synergistic strains and
enables them to degrade recalcitrant substances. EPS
retains water and prevents desiccation. They can
be classified as exopolysaccharides and capsular
polysaccharides. The distinction between them
is that when the bacteria are grown in a liquid
culture and then centrifuged the extracellular
polysaccharide that remains associated with the cell
is known as capsule, whereas those that remain in
the supernatant are known as exopolysaccharides.
It is this latter that plays an important role in
determining the architecture of the biofilm. In
most of the cases it is difficult to distinguish the
polysaccharides as they are not easily separable
form the biofilm which makes it more complicated
to precisely determine their chemical structures.
The exopolysaccharides synthesized by microbial
cells vary greatly in their composition and also in
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Figure 1: Mechanism of formation of biofilm
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their chemical and physical properties. Some are
neutral macromolecules, but the majority of them
are polyanionic due to the presence of either uronic
acids (D-glucuronic acid being the most common,
although D-galacturonic and D-mannuronic acids
are also found) or ketal-linked pyruvate. Inorganic
residues, such as phosphate or rarely sulphate, may
also confer polyanionic status!?. The composition
and structure of the polysaccharides determine
their primary conformation. Further, ordered
secondary configuration frequently takes the form
of aggregated helices'>. In some of these polymers,
the backbone composition of sequences of 1,4-
8- or 1,3-8-linkages may confer considerable
rigidity, as seen in the cellulosic backbone of
xanthene from Xanthomonas campestris 12=13. Thus,
biofilms can be considered as a natural example
for sustainable use of nutrients. Figure 2 shows a
scanning electron micrograph (SEM) of a biofilm,
EPS and microorganism (S. auerus).

There are several advantages for microorganisms
to form biofilms. They provide enclosed surface
space which is occupied and can provide a degree of
stability in the growth environment. They might
have catalytic functions through the localizing cells
in close proximity. They can afford protection from
various environmental challenges, such as metal
toxicity“, dehydration, salinity, UV, antibiotics
and antimicrobial agents'®.

Properties of materials

The most important properties that enhance biofilm
formation are surface area, the type of surface
(rough or smooth), porosity, charge on the surface
and surface hydrophobicity. Rough surface is more
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preferred by the microorganisms, because there will
be stronger adhesion and crevices favour attachment.
Hydrophobicity in case of polymeric materials
enhances the biofilm formation. Hydrophobic
organisms prefer hydrophobic surfaces. Organisms
attach easily on porous surfaces. Electrostatic
interactions contribute to biofilm cohesion and
cations are significant cross linkers of the biofilm
matrix. Divalent cations such as Mg > and Ca >+
can influence biofilm formation directly through
their effect on electrostatic forces. Functional groups
present on the surface of the material influences
hydrophobicity and surface charge and this in turn
affects the bacterial adhesion and its proliferation.
There are several physical, chemical and biological
techniques that can be adopted to modify the
implant surface to decrease the attachment of
the microorganism and make the material more
biocompatible (figure 3). Each of these techniques
has its own advantages and disadvantages and can
be adopted depending on the site of implantation,
its duration and other requirements.

Quorum sensing

Cell—cell communication in bacterial biofilms
is performed through chemical signaling. Small,
diffusible molecules belonging to the class of N-
acylated homoserine lactones (AHLs) — are released
by biofilm bacteria into their local environment,
where they can interact with neighboring cells.
These AHLs are known to associate with a
cognate DNA binding protein. As the bacterial
densities increase, accumulation of the AHLs to
a threshold concentration occurs, and induces
the transcription of specific gene throughout the
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Figure 2: SEM of biofilm, EPS and microorganism

population. Regulation of this type are referred
to as “quorum sensing’, since it suggests the
requirement for a ‘quorate’ population of bacterial
cells that is necessary for the activation of AHL-
responsive genes. This facilitates the coordination
of bacterial behavior, and ensures that the bacteria
respond as a group to carry out special and specific
functions'®17, It is advantageous for the bacteria
to act as a group. The role of quorum sensing has
not yet been completely characterized and fully
understood. Deeper study into this field can yield the
development of new anti-infective chemotherapies
which can prevent the initiation of the group
behaviour of the microorganism.

Inhibition of biofilins by small molecules

It was previously the concern of industrial and
environmental microbiologist in understanding the
formation of biofilms and biofouling, but now there
is a wide recognition of the contribution of biofilms
to human infections. Research is underway to inhibit
the formation of biofilm on medical devices. Some
of the techniques which are followed to achieve
this goal using small molecules are described in the
subsequent sections (see figure 4).

Antibiotics and anti-microbial molecules

The MIC (minimum inhibitory concentration)
has long been the standard for testing the
susceptibility of microorganisms towards antibiotic.
The MIC measures the actions of antibiotics against
planktonic organisms and serves as an important
reference in the treatment of many acute infections.
Generally the bacterial infection is treated with
many antibiotics such as gentamicin, carbenicillin,
co-trimoxazole, tetracycline, and ceftizoxime. But

S. S. Prasanna and Mukesh Doble

the major problem in this case is the resistance of
the biofilm towards the antibiotics. Reports show
that P. aeruginosa which is found to be one of the
most common causes for wound infection (about
73.9%) was 95% resistant to all the above mentioned
antibiotics!®. Some of the antibiotics like ampicillin,
ceftiofur, cloxacillin, oxytetracycline, penicillin
G, streptomycin, tetracycline, enrofloxacin,
erythromycin, gentamicin, tilmicosin and
trimethoprim-sulphadoxine are able to act on
cultures like Actinomyces pyogenes, Corynebacterium
renale, C. pseudotuberculosis, Staphylococcus aureus,
S. hyicus and Streptococcus agalactiae. However
biofilms formed by all these organisms were
found to be resistant!®. Chlorine as sodium
hypochlorite is an oxidizing biocide (most effective
antimicrobial agent). A 600 fold increase in its
concentration is required to treat the biofilm formed
by Staphylococcus aureus biofilm when compared to
the planktonic cells of the same species®.

The mechanisms for the resistance of biofilms to
biocidal agents can be broadly classified into three
types 1) adaptive phenotype, 2) restricted entry of
the drug molecules, and 3) reduced metabolism and
slow growth.

1. Adaptive phenotype

Persisters are small fraction of the entire
population which have different phenotype or rather
the most resistant cells in the biomass which makes
it difficult for their complete elimination and hence
the total removal of the biofilm, by the antibiotics or
antimicrobial agents?!. The population of persister
cells has been estimated to reach about 0.1% to 10%
of all cells in a biofilm??. When the antimicrobial
therapy is discontinued, the unaffected persisters
reverse the phenotype and become metabolically
viable and active to regrow into a new biofilm. So
the infection may reoccur at a later time and will
exist for long time, or until the infected device is
removed?>.

2. Restricted entry of drug molecules

The barrier properties of the EPS slime matrix
contribute to the stability of the organisms to
various treatments. The antimicrobial agent is
adsorbed onto the EPS thus effectively diluting
its concentration before it reaches to individual
bacterial cells in the biofilm?*. This can be one
of the reasons for the need for increased input
concentration. The substances in the EPS act as
a diffusion barrier, either by limiting the rate of
molecule transport to the interior of the biofilm
or by chemically reacting with the molecules
themselves?®. The negatively charged EPS restricts
penetration of the positively charged molecules of
antibiotics, such as amino glycosides, by chemical
interaction or molecular binding. If the antibiotic is
inactivated or is attached ionically to the surface
layers, its delivery to the depths of the biofilm can
be profoundly retarded?®-%.
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Figure 3: Surface modification trechniques
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3. Reduced metabolism and slow growth

The cells deep within the biofilms have reduced
metabolic activity and growth rates which make
them inherently less susceptible to antibiotics?®:2°.
The near complete consumption of oxygen and
glucose in the surface layers creates anaerobic niches
in the depths of the biofilm where in order to
survive the cells down regulate into an extremely
slow-growing or nongrowing state®’. Therefore
those antibiotics which readily diffuse through the
biofilm are ineffective in killing those specific slow
or nongrowing cells in the anaerobic regions of the
biofilm. The susceptibility of the antibiotics also
depends on the age of the biofilm. Older (10-day-
old) biofilms are significantly more resistant than
two-day-old biofilms?!. This emphasizes the need
for prompt diagnosis and treatment.

Although the relative contribution of the three
mechanisms towards inhibition varies the final
result is the development of resistance towards
antimicrobial agents and antibiotics. Other angles
of approaches to the problem are being looked
into such as modifying the material properties of
the medical devises. A few of these approaches
that are being attempted are adsorption or coating
of antimicrobials onto the surface, antimicrobial
impregnated matrices or physico-chemical surface
modification etc.

Coating with antimicrobial molecules

The tremendous resistance of biofilms to
conventional antibiotic therapy has prompted

Journal of the Indian Institute of Science | VOL 88:1 | Jan—-Mar 2008 | journal.library.iisc.ernet.in

Laser, UV, ion beam, plasma

Surface reaction/functional group attachment
Polymer grafting
4 Polymer blending

>( Coating \
Biological

> Covalent attachment

small molecules
antibiotics
antibacterials

biomolecules
biosurfactant
proteins

cells

a great deal of research on synthetic surfaces
and coatings that resist bacterial colonization.
The coatings include passive and active coatings.
Coatings have been developed that reduce bacterial
adhesion by altering the physicochemical properties
of the substrate so that conditioning films do
not form and bacteria—substrate interactions are
not favorable. These coatings are referred to as
“passive” and include surfaces modified with poly
ethylene glycol®? poly ethylene oxide®® brushes,
and hydrophilic polyurethane®*. Unfortunately,
the effectiveness of passive coatings for reducing
bacterial adhesion is limited and varies greatly
depending upon the bacterial species. The
physicochemical properties of the surface (coating)
can be masked by an adsorbed conditioning film,
thereby diminishing their effectiveness.

Any surface such as polymer catheters or metal
stents can be coated with antimicrobial organic
molecules. This is known as “active” coating.
The idea is to inhibit the bacterial adhesion at
the first step itself. These “active” coatings have
been designed to release high initial fluxes of
antibacterial agents during the critical short-term
post-implantation period (several hours) to inhibit
the initial adhesion of the bacteria. This leads
to a reversible and weak interaction between the
microbe and the coated material®. It is reported
that c-di-GMP treatment has an antimicrobial and
antipathogenic activity in vivo and reduces, in a
dose-dependent manner, colonization of biofilm
of S. aureus strains in a mouse model of mastitis

infection’®.
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Figure 4. Techniques to prevent the formation of biofilm
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However, given that many catheter-related
infections are due to skin organisms acquired at the
time of catheter insertion, then anti-colonization
strategies are still worth exploring. For example,
surfaces containing immobilized long-chain N-
alklyated polyvinylpyridines and structurally
unrelated N-alklyated polyethylenimines are lethal
to S. aureus, S. epidermidis, P. aeruginosa and E. coli.
The structure—activity analysis reveal that for these
surfaces to be bactericidal the immobilized long
polymeric chains have to be hydrophobic, but not
excessively so, and positively charged®’. In another
case rifampin and amoxicillin have been adsorbed
on polyurethane surfaces exhibiting acidic or basic
properties. The binding affinity increased with
the introduction of side-chain functional groups
in the polymer and with matrix hydrophilicity.
The zone of inhibition from amoxicillin-coated
polymers lasted only a few hours, whereas that
from the rifampin-coated polymer lasted for
several months®®. Emergence of multi-drug resistant
pathogens is always a risk when antibiotics are
used both in prophylaxis and long-term therapy
as well as in conventional acute therapy. Hence,
there is an interest in inhibiting biofilm formation
on polymer surfaces using novel compounds that
are not otherwise used. One such compound is
usnic acid, a secondary lichen metabolite that
possesses antimicrobial activity against a number
of gram-positive bacteria, including S. aureus,
Enterococcus faecalis and E. faecium. When loaded
into modified polyurethane surfaces and placed
in infection-simulating flow cell, confocal laser
scanning microscopy indicated that whilst adhesion
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of S. aureus occurred, usnic acid inhibited the
development of biofilm?°.

There are other organic molecules which are
found to be potential lead compounds in inhibiting
the biofilms and one such molecule is 3,4,5,3",5'-
pentabromo-2-(2'-hydroxybenzoyl)  pyrrole®’.
Antimicrobial agents other than antibiotics have
been investigated for the treatment of intraluminal
biofilm infection. The use of taurolidine*!,
ethanol*?, hydrochloric acid** and minocycline-
EDTA*(M-EDTA) has limited use and variable
results. Out of the four, M-EDTA appears to be
the most effective, but minocycline is no longer
being produced. Another agent, tetrasodium EDTA,
has been tested in vitro and in vivo with explanted
infected hemodialysis catheters**~#4. Within 24
hours of exposure, complete destruction of biofilm
bacteria and yeast were observed. The ability to
eradicate intraluminal biofilm within a few days
would be quite advantageous over an extended
and costly two week period. This agent is also a
potent anticoagulant that could replace the use of
heparin and eliminate the risk of heparin-induced
thrombocytopenia.

There are various other effective physical
techniques together with antibiotics or antibacterial
being researched to inhibit the formation of the
microbial biofilm. Some of them are discussed
below.

Bio-electric effect

The advantage of this technique is, it prevents the
biofilm formation and also enhances the activity of
the antimicrobials against established biofilms. This
technique refers to the simultaneous application of
antibiotics and a weak electric field. It is found that
when direct current electric fields between 1.5 and
20 V/cm is used, the concentrations of antibiotics
needed to be effective against biofilm bacteria fall
from approximately 5000 to 4 times greater than
that necessary for planktonic bacteria in the absence
of electricity®.

Ultra sound technique
Ultrasound enhances antibiotic transport through
the biofilm. It was found that low-frequency
ultrasound (70 kHz) of low acoustic intensity
increased the growth rate of S. epidermidis, P.
aeruginosa and E. coli on polyethylene surfaces
and it was hypothesized that ultrasound increases
the transport of oxygen and nutrients to the cells*°.
Pulsed ultrasound over 24 h enhanced the
activity of gentamicin against E. coli biofilms
on polyethylene discs which were implanted
subcutaneously into rabbits. The ultrasound was
able to disrupt the biofilms without causing damage
to the skin’.
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Table 2: Possible steps that could be inhibited by small molecule

Small molecules

Prevent

that alters the surface properties of the implant

that prevents quorum sensing

that have higher activity towards ‘persisters’ or resistant cells
slow releasing or long acting

that prevent EPS formation

that prevent escape of daughter cells

that have high diffusion properties through the film barrier
that silence virulent genes which help in biofilm formation

Initial attachment and colonisation
Group behaviour
Complete killing of microorganism

prevent biofilm

Photodynamic technique

The technique is found useful on pathogens
associated with the skin and in the oral cavity and
its application is limited to those regions where
light can reach. Photosensitizing drugs produce
reactive oxygen species which are difficult for the
microorganisms to defend against leading to a
breakdown of the biofilm. Similar findings have been
made using multi-species biofilms of oral bacteria
irradiated with light from a helium/neon laser in
the presence of toluidine blue where greater than
95% of the biofilm bacteria were killed due to the
laser*®. Confocal microscopy revealed that a single
photomechanical wave increased the penetration of
methylene blue by 75% and enhanced the photo
destruction of the biofilm*°.

Polymer-based antimicrobial delivery systems

Biodegradable nano or micro sized particle polyester,
hydrogels, micelles and fibrous scaffolds act as
effective drug carriers®®>!. The antimicrobial
molecule is encapsulated in the microspores of the
polymer and the drug is released at the site of action
in a controlled way. The difficulty in this technique
is low encapsulation efficiency, low stability of the
drug in the polymer matrix, and poor physico-
chemical compatibility of the polymer and the drug.
It is found that bio degradable poly (lactide) (PLA)
and its co-polymers with glycoside (PLGA) can
release encapsulated drug in a controlled way>2.

Future direction in biofilm research

Inhibiting the biofilm after its complete formation
is difficult due to various factors which include
poor understanding of the characteristics of the
biofilm, its mode of growth especially its phenotype
characteristics etc. Hence preventing its formation
at early stages could be the most effective approach.
The presence of ‘persister’ cells and different
phenotypes for different bacterial population makes
it more difficult for antibiotic treatment. Sensors
which can detect the early formation of biofilm
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could prevent infections to a large extent and also
warn the doctors about the onset of infection.
The techniques such as coating the device with
antimicrobial agents need to be more widely
studied. Slow release antibiotics or antimicrobial
agents using biodegradable polymers as carriers
also have proved to be successful. Looking into
the genomics and proteomics of the bacteria
in the biofilm to understand the physiology
can yield new targets, which would initiate the
development of specific drugs for their inhibition.
Computational techniques which can predict a
priori the interaction of an implant with the
environment which includes bacteria, proteins,
blood components and other floating material can
help in designing new biomaterials. Identifying
the virulent factors and genes which lead to the
colonization and biofilm formation could help in
silencing those to prevent biofilms. Role of quorum
sensing could lead in developing techniques that
could prevent colonization and biofilm formation.

Designing small molecules that can
inhibit/prevent a specific step in the entire process
of biofilm formation and its growth leading to the
infection could be the best approach. Table 2 lists
the possible steps that could be inhibited.

Conclusions

Biofilm bacteria are 150 to 3,000 fold stronger
than regular bacteria. It is resistant to disinfectants
and antibiotics, making it difficult to remove and
control. Biofilm-associated infections extend stay in
hosptial by about three days and it is estimated
that up to 65% of hospital acquired infections
are due to this and the treatment runs to $1
billion per year (http://caramola.usc.edu). Up to
82% of bacterial contamination in hospitals is
due to intravascular catheterizations. Pseudomonas
aeruginosa (gram-negative bacterium that is known
to cause infections in the lungs) was found to form
biofilm under microgravity conditions in American
space shuttle during flight. Several small molecules
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and antibiotics have been tested to prevent the
formation of biofilms or break a well formed one.
Physical techniques such as ultra sound, current
etc are found to enhance the activity of antibiotics
or small molecules coated on the surface of the
implant.
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