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Biofilms: Recent Developments on an Old Battle
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Abstract: Microbial cells are able to adhere to surfaces and through an exo-polymeric matrix they establish microbial
communities known as biofilms. This form of immobilised biomass can be responsible for heat and mass transfer
limitations in industrial processes and be a source of contamination and proliferation of infections in water supply systems

and medical devices.

Several processes to prevent and destroy biofilms in surfaces and tissues have been patented and the new developments
are reviewed. Most of the patents propose the use of UV radiation, high temperatures and addition of oxidant compounds
to clean surfaces, which may be protected by antimicrobial coatings containing metal ions, non-pathogenic bacteria, time-
release agents and biocides. Several biocidal compositions, comprising mixtures of disinfectants and biocides, are also
presented. Mechanical, chemical and enzymatic procedures are discussed and particular emphasis is given to the cleaning

and protection of medical devices and water supply systems.
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INTRODUCTION

Nearly 99% of the micro-organisms living on the Earth
live in microbial communities known as biofilms [1]. They
are formed by adhesion of cells to surfaces through an
exopolymeric matrix. This matrix is important both in the
formation and structure of the biofilm, and also on the
protection of the cells since it may prevent the access of
antimicrobials and xenobiotics to the cells inside the biofilm
and confer protection against environmental stresses such as
UV radiation, pH shifts, osmotic shock and desiccation [2-
4]. Fossilised biofilms with 3.5 billion years are among the
oldest records of life on Earth [5]. Biofilms are the world’s
most successful form of colonialism as they live on soils,
sediments, mineral, plant and animal surfaces, even under
extreme environments, from glaciers to hot vents. Biofilms
are even able to thrive in highly irradiated areas of nuclear
power plants [6].

Cell aggregation is advantageous and required in several
processes, namely in biological wastewater treatment and
bioremediation systems. However, they constitute a serious
problem in many industrial processes (e.g. paper, food,
cosmetic and pharmaceutical industries) because they can
cause corrosion and limit mass and heat transfer in pipes and
tubes and mainly in water distribution systems and
healthcare environments as they are a source for microbial
infections. Furthermore, biofilms can also bioaccumulate
metals and toxic compounds [7]. Biofilms can contaminate
contact lenses, catheters, endotracheal tubes, mechanical
cardiac valves, prosthetic joints, surgical sutures, etc. It is
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estimated that 750,000 surgical site infections occur annually
in the US, resulting in 3.7 million extra days of stay and
more than US$1.6 billion in hospital expenses [8]. Further-
more, cells in biofilms have higher resistance to antibiotics
and biocides than planktonic cells and gene transfer is
possible horizontally, which improves the exchange of genes
between resistant and non-resistant strains [9].

Bacterial strains that do not produce exopolymeric
substances (EPS) present lower adherent abilities than slime-
producing strains. EPS is particularly valuable after the
initial phase of adhesion in organisms, conferring protection
against phagocytosis, interference with the cellular immune
response and reduction of antibiotic potency [10,11]. In fact,
the host immune system is, in general, capable of rapidly kill
non-adherent bacteria. The slow growth rate observed in
biofilms and/or transport limitations of nutrients, metabolites
and oxygen between the surface and the interior of the
biofilm could be responsible for an increased antibiotic
resistance over planktonic cells [12,13]. Furthermore, the
EPS matrix acts as an anchor, securing the cells and
preventing their detachment under flow conditions [13],
although detachment of cells may also be an important
process for propagation and formation of new colonies.

In this review, the later processes to control biofilm
proliferation in medical devices and water supply systems,
and the new developments on anti-microbial surfaces,
detergents and biocides will be addressed.

1. FIGHTING BIOFILM FORMATION IN SURFACES

Metal and metal alloys are particularly susceptible to
microbial action, the result being corrosion and fouling and
ultimately material failure. Although plastic and rubber are
less prone to biocorrosion, environmental factors such as
temperature and solar radiation can trigger the microbial
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attack. Virtually any type of surface on Earth can be
colonised by bacteria, yeasts, viruses or fungi.

Biocorrosion, which is the term used to name deterio-
ration of metal as a result of microbial activity (microbio-
logically influenced corrosion, MIC, has also been used), can
affect kinetics of cathodic and/or anodic reactions [14] and
disrupt chemically protective layers [15]. Nevertheless,
biofilms have also been used as a protective layer against
corrosion [16] and this point will be discussed further on the
paper. Among the groups of bacteria reported to cause metal
corrosion in terrestrial and aquatic environments are
sulphate-reducing bacteria, sulphur-oxidising, iron-reducing
and iron-oxidising bacteria, manganese-oxidising bacteria
and bacteria able to excrete organic acids [17].

Bacterial adhesion to surfaces include (i) an initial
attraction of the cells towards a surface due to van der Waals
attractions forces, Brownian motion, gravitational forces,
electrostatic charges and hydrophobic interactions [18], (ii)
molecular and cellular interactions by use of microbial
surface polymeric structures such as capsules, fimbriae or
pili and EPS [19,20]. A recent review [21] discusses the
three theories describing bacterial-material interactions: the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the
thermodynamic approach and the extended DLVO theory.

Several attempts have been made throughout time to
protect materials, instruments and equipment by plating,
painting and application of enamel. Protection of surfaces
include: addition of a non-adhesive or antimicrobial coating,
release of a toxic agent at the surface, introduction of a
“shape-shifting” surface or surface modifying additives and
addition of biocidal substances.

1.1. Antimicrobial Surfaces

To prevent outbreaks of diseases by transfer of micro-
organisms between materials such as food and textiles,
investment has been made on the development of anti-
microbial surfaces. The addition of organic or inorganic
compounds to superficial coatings may directly inactivate or
kill the micro-organisms attached to the surface and/or
prevent their adhesion. A suitable biocide should be selected
to provide a broad activity against the micro-organisms
commonly found in the target application area and may be
added to polymers during its manufacture.

Incorporation of anti-microbial agents into plastics
although effective to prevent biofilm formation hampers
their application in food and medical packaging unless only
very small amounts, usually ineffective, are released. To
overcome this, Seabrook and Heymann [22] added chemical
controllers, in particular, vitamin E to polymeric materials to
control the rate of release of 10,10"-oxybisphenoxarsine and
2-(4"-thiazolyl) benzimadazole to keep their concentration
low enough to use the polymers in agricultural and food
products. Phytochemicals and phytonutrients, which may be
even extracted from plants and herbs, may be used as safe
antimicrobial compounds in food contacting surfaces,
combined with safe chemical releasers such as citric acid
[23]. Daeschel and McGuire [24] suggested the application
of a polypeptide bacteriocin, such as nisin. To protect a
surface intended at protecting food, an aqueous bacteriocin
solution is placed in contact with the surface so that

Carla C. C. R. de Carvalho

bacteriocin is adsorbed to the surface. These treated surfaces
can Kill susceptible bacteria in food packaging, even for
extended periods of time.

It should be noticed that antimicrobial surfaces may
prevent cross contamination between e.g. food, beverages
and cosmetic products but should not replace good hygienic
practices in product handling.

Fitzpatrick and co-workers developed ionene polymers,
which are cationic polymers with a large number of
positively charged nitrogen atoms in the main polymeric
chain [25]. The antimicrobial polymer may be used in the
treatment of microbial infections of the skin, oral mucosa
and gastrointestinal track in mammals, as well as in the
prevention or eradication of micro-organisms on a
susceptible surface.

Besides slow-releasing systems, release-on-command
systems and non-leaching systems have also been developed.
These systems present the advantage of decreasing the risk
of favouring microbial tolerance and resistance to biocides,
as the biocide is released only when required. Monomeric
oxazolidinones or hydantoins after homopolymerisation or
copolymerisation with other monomers produce materials or
coatings, which acquire biocidal properties whenever
exposed to solutions of chlorine or bromide [26]. These
coatings may be applied to glass, plastic, metals, fibres, food
wrappers, pipes, tiles, etc. Surfaces to control the release of
biocides can also be applied, e.g., by converting liquid
gelatine capsules into multi-coated controlled released
systems [27].

Halogen-releasing compounds have been proposed by
MccCarthy et al. [28] by application of sodium hypobromite
stabilised with a mixture of 5-chloro-2-methyl-4-isothia-
zolin-3-one and 2-methyl-4-isothiazolin-3-one. 1,3-dibromo-
5,5-dialkylhydantoins is capable of releasing a higher
amount of chlorine in aqueous medium than N,N’-bromo-
chloro-5,5-dimethylhydantoin [29]. The use of two biocides,
such as isothiazolones and sodium hypobromite, allows an
environmental and economic solution to control biofilms as
small amounts of each biocide may be used. Furthermore, a
better result may be achieved as isothiazolones are effective
against bacteria and sodium hypobromide is able to penetrate
and disrupt adherent biofilms.

Some coatings may not be able to inhibit cell attachment,
acting only on attached cells: (-)-usnic acid-loaded polymers
did not prevent attachment of Staphylococcus aureus cells
but the adherent cells were killed, preventing the formation
of a biofilm [30]. Reactive groups may also be linked to the
polymers such as polypropylene, rubber, silicone, polyester
and polyurethane to produce surface functionalised polymers
to be used in the production of fabrics [31].

1.2. Addition of Metals to Surfaces

Corrosion may also be prevented by chemicals that
include some salts present in hard water, such as those
observed in mineral deposits inside Roman water systems.
Before the understanding of the processes involved, copper
was used in the Roman Empire to build pipe systems to
deliver drinking water. Romans had observed that water
delivered through copper was safe to drink and copper
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utensils and cookware prevented the spread of diseases.
Phoenicians preferred silver, using it to make containers to
preserve water, wine and vinegar during their long journeys
in the Mediterranean Sea.

As cleaning procedures with liquid and gaseous
disinfectants were shown ineffective to prevent and destroy
biofilms in surfaces, especially at long term, the idea of
introducing biocidal agents, such as metals, within the
surface material became an appealing solution. Silver
coatings may be used in e.g. implanted devices to prevent
infections in tissue pockets [32], dressings [33], textiles [34]
and films [35]. In the fabrication of artificial gel matrixes
(based on polyethyleneglycol or lactose) to heal wounds,
silver was used both as the catalyst for gelation and anti-
microbial agent [36].

Silver is also a very good disinfectant of drinking water,
being used in tablets for rapid water purification that have
been developed mainly due to the presence of militaries from
developed countries in conflicts in the third world and the
outspread of tourism in remote areas of the World. Tablets
using silver are a good alternative to those using
decolourised iodine tincture as some people are allergic to
iodine and thyroid abnormalities related to the use of iodine
to purify water have been reported [37]. Nevertheless, the
application of metals in pipes for water distribution must
take into consideration present water regulations concerning
the concentration of aluminum, silver, copper, etc. Although
the European directive 98/83/EC concerning drinking water
does not state the limit for metal’s concentration, many
European countries limit the silver concentration to 0.05-0.1
mg/L. The US Environmental Protection Agency limits, in
the National Drinking Water Regulations, the concentrations
of copper to 1.0 mg/L and of silver to 0.1 mg/L.

1.3. Addition of Cells and/or Enzymes to Surfaces

Bacteria can have, surprisingly, a beneficial role in
preventing corrosion. The bacterial protection of stainless
steel can be the result of (i) production of inhibitors that are
retained in the biofilm matrix [38], (ii) reduction of oxygen
concentration at the metal surface [39], (iii) secretion of
antimicrobial proteins [40], (iv) production of enzymes able
to degrade the biofilm matrix [41]. Micro-organisms can
interfere with others while competing for an ecological
space. The relations between bacteria can be synergistic or
antagonistic and bacterial interference can have a major role
in proliferation of infections [42].

Polsenski and co-workers proposed a process of layering
a coating material with micro-organisms and enzymes [43].
The micro-organism (e.g. Saccharomyces, Aspergillus,
Bacillus), chosen so it can survive and grow under the
pretended environment, should produce at least one
amylolytic or proteolytic enzyme and the enzyme in the
second layer may be produced by the micro-organism added
or not. A layer containing nutrients for the micro-organism
in the coated surface should be placed in an under layer,
away from a competing or disruptive fouling community.

Homoserine lactone blockers, such as N-(3-oxodo-
decanoyl-L-homoserine lactone and N-butyryl-L-homoserine
lactone or analogs, have been proposed by Davies and co-
workers to control, prevent and remove biofilms produced
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by bacteria, alga, fungi and protozoa in surfaces [44].
Homoserine lactone autoinducers are known to influence
“quorum sensing”, which is a signalling system that allows
bacteria to regulate gene expression depending on the
number of individuals in the population. Previous patents
had involved lactone autoinducers for diagnosis [45] and
therapeutic purposes [46] but not to regulate biofilms.

2. BIOFILM DETERRENCE WITH BIOCIDAL
AGENTS

Biocides are non-antibiotic chemical compounds with
disinfecting and antiseptic properties since they are able to
inhibit microbial growth or even kill micro-organisms.
Biocides are being added to washing powders and liquid
detergents, plastics for food packaging, fabrics, mouth
washes, etc (Table 1). For that reason, they should be
effective at low concentrations, be non-toxic and
biodegradable. The biocidal action depend on (i) chemical
properties (e.g. optimum pH and temperature of activity,
reactivity), (ii) micro-organism (e.g. tolerance/resistance,
metabolic status, number of organisms in the population), (ii)
environment (e.g. surface type, water activity, presence of
other reactive compounds). The biocide should therefore
have a wide range of activity, both in terms of type of micro-
organisms susceptible and conditions of action and should
not be easily inactivated.

Table 1. Examples of Biocides Used in Patents Concerning
Biofilm Deterrence

Biocide group Examples of compounds Examples of
Patents
Peroxides Hydrogen peroxide, [90, 97],
Potassium permanganate [52.53]
Halogen releasing Sodium hypochlorite, Sodium [97,27],
compounds hypobromite [52]
Quaternary Didecyl dimethyl ammonium [55]
ammonium chloride, Dioctyl dimethyl
compounds ammonium chloride
Phenolic compounds Phenol, Triclosan, Thymol [52,54]
Terpenes Carvone, Saponin [48,52]

Manyak and co-workers developed a method to prepare
multiple-specific hydrolytic enzyme mixtures by growing
bacterial strains (Microbulbifer or a Marinobacterium) using
more than one polysaccharide present in the targeted
industrial or disease-related biofilm as carbon source and
consequent isolation of the enzymes required [47]. The
enzymes can be applied in the removal and prevention of
biofilms in e.g. pipes, heat exchangers, cooling towers,
swimming pools, teeth and even in the treatment of cystic
fibrosis’ patients and those with infections in implanted
medical devices. Enzymes can also be used to remove and
prevent the formation of dental plaque, without damaging
tissues. Tsuchya patented compositions for oral care
products, containing a dextranase derived from Paecilomyces
lilacinum and a mutanase isolated from Trichoderma



52 Recent Patents on Biotechnology 2007, Vol. 1, No. 1

harzianum. The dextranase is aimed at degrading the a-1,6-
glycosidic linkage in dextran whilst the mutanase is target at
destroying the a-1,3-glycosidic linkages in “mutan”, which
is a major component of water-insoluble extracellular
polysaccharides in dental plaque.

By studying the adhesion processes, Hultgren and co-
workers developed compounds to mimic a chaperone G1 b-
strand or an amino terminal motif of a pilus subunit. Pili
structures anchor many Gram-negative bacteria to surfaces,
beginning the process of adhesion. The presence of mimic
compounds prevent or inhibit the pilus assembly to its
hydrophobic groove and thus cell adhesion.

The tripene saponin, which reduces the surface tension of
the biofilm promoting its detachment, can be used in
combination with sodium lactate so that its acidic form Kkill
the bacteria as the cells are released from the matrix [48].
The procedure is gentle enough to be used to wash and
decontaminate eggs [49]. Terpenes are natural compounds
which may be considered as GRAS (Generally Recognised
As Safe) substances. For example, carvone, a component of
caraway, dill and spearmint, has both antibacterial and
antifungal activity and has been used for centuries in seed oil
extracts, long before the mechanism of action was
understood [50].

Mixtures of biocidal agents and disinfectants (either of
natural or synthetic sources) seem to be the best and most
efficient solution to destroy biofilms, according to the
patents published. The mixtures usually contain effective
amounts of a detergent to decrease the surface tension of the
biofilm, a denaturating agent to attack the extracellular
matrix and a biocide to Kill the micro-organisms. Prevost et
al. [51] proposed dodecyl sulphate (SDS) at a concentration
of 2% both as detergent and denaturating agent and lactic
and mandelic acids or a potent oxidant as hydrogen peroxide
as bactericidal agent. A mixture containing a terpene or
sodium hypochlorite, a detergent cetylpyridinium chloride
(at a concentration of at least 0.1%) and an effective
dislodging amount of salt (or corresponding acid that at the
required pH will form the salt) was proposed by Barbeau and
co-workers [52]. A further bactericide, for instance,
hydrogen peroxide (about 5%), phenol derivatives (at least
0.1%) or sodium hypochlorite (at least 0.5%) and biofilm
dislodging enhancer agents such as chaotropic agents or
calcium chelators, can also be added. A similar biocide
composition to clean surfaces was proposed by Day [53],
comprising a peroxide and a hypochlorite compound at a
ratio of at least 10:1(w/w) peroxide:hypochlorite.
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A proposed “biocidal complex” aimed at killing bacteria
and destroying at least part of the biofilm contains: a free-
radical generating compound (e.g. hydrogen peroxide), a
GRAS disinfectant (e.g. thymol) and an acid sulphate (e.g.
sodium bisulphate) to catalyse the free radical formation
[54]. The compounds should be maintained separately until
use. This formulation may be used to clean and disinfect
water lines in dental equipment. Mixtures of furanones and
other disinfectants, such as at least one organosilane with
quaternary ammonium functionality and/or at least one
quaternary ammonium compound can make a synergistic
antimicrobial composition effective against bacteria, yeasts
and fungi [55].

3. BIOFILM DETERRENCE IN MEDICAL DEVICES

Biofilms can colonise almost all surfaces, from glass to
steel, from cellulose to silicone, which are the main materials
used to produce medical devices (Fig. 1). For fifty years,
medical instruments have been sterilised by the medical
industry with gaseous agents such as ethylene oxide and
chlorine dioxide, which are commercialised in nonflammable
blends with inert carrier gases to overcome their explosive
character [56]. However, many of the corrosion or fouling
processes which take place after adhesion and growth of
micro-organisms occur inside the human body. Harsh
treatments of the surfaces of the devices to prevent and/or
destroy cell adhesion are, therefore, hampered.

Protective coatings have been the most wide spread
method to prevent corrosion in metallic surfaces. However,
cathodic protection appears as a good protective technique,
especially in the medical field. Cathodic protection acts by
providing an electrical current from external sources to
counteract the normal electrochemical corrosion reactions.

Anti-corrosion and anti-fouling, combined with anti-
rejection and antibiotic properties of medical devices for
intra and extra body application were achieved by placing a
semiconductive coating in metallic devices [57]. The
technique uses semiconductor technology with no external
anode, electrolyte or current flow. An electronic filter,
connected to the conductive coating, monitors and minimises
the corrosive noise generated by the coated conductive
structure.

Other invention uses “oligodynamic iontophoresis” to
prevent microbial adhesion to intraocular lens [58]. This
technique involves the movement of ions from a metal such
as silver to a conductive medium (saline, blood or urine) by
application of an electrical current. Silver is effective against

Fig. (1). Adhesion of Rhodococcus erythropolis cells to glass. Images taken with brightfield transmitted light microscopy (10x lens;
numerical aperture = 0.25; horizontal field width = 0.8 mm; vertical field width = 0.6 mm).
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a broad range of bacterial, yeast and fungal cells since the
positively charged silver ions can interact with thiol groups
of membrane-bound enzymes and proteins, uncouple the
respiratory chain from oxidative phosphorylation or collapse
the proton-driving force across the cytoplasmic membrane
[59,60]. The current required to remove a bactericidal
amount of silver ions from electrodes into solution is in the
range of 1-400 mamperes. Since an external electric power
supply is required, oligodynamic iontophoresis has had
limited use in medical devices. However, a composite
material made of a conductive organic polymer matrix, in
which two metals with a chemical half-cell potential
difference are suspended, can act as an iontophoretic
material [61]. The voltage potential generated between the
two dissimilar metals generates a current of electrons in the
conductive matrix after exposure to an electrolyte solution
such as body fluids.

An improvement to an implantable port and other devices
such as pacemakers and artificial joins, also encompass the
presence of metallic silver, an inorganic silver compound, a
silver salt of an organic acid or other antimicrobial
compounds as taurolidine on the surface of the port or device
[32]. The improved implantable port, including a housing,
contains a silver coated surface and is implanted within a
subcutaneous tissue pocket, or uses a separate container, in
the form of a pouch, that is placed over the device before
implantation in the subcutaneous pocket or used as a
reservoir to hold the antimicrobial solution (e.g. taurolidine).

Antimicrobial substances required to destroy biofilms are
not only toxic to micro-organisms but may also be toxic to
the patient, causing allergic reactions, whilst some micro-
organisms may produce specific compounds able to destroy
the biocide molecule. To overcome these disadvantages,
biocompatible acid precursors may be used to inhibit
microbial attachment and/or growth on the surface of
medical devices [62]. This is achieved once the device is
placed inside the patient’s body, as acid moieties are
produced from the acid precursor (examples include
glycolide, lactide, p-dioxanone, glycyl glycolate and lactyl
lactate), lowering the pH of the coating and adjacent device.
The acid precursor may (i) diffuse through the coating and
hydrolyse at the surface or (ii) first hydrolyse and the
resulting acid diffuse through the coating to the surface.

Biodegradable microshapes, such as microspheres,
containing time-release agents effective against bacterial
biofilms can be placed into the gingival crevice or
periodontal region to combat bacteria adhesion to teeth [63].
Bacterial plaque is the main cause of several periodontal
diseases, including gingivitis and periodontitis. This
techniqgue may overcome the difficulties of periodontal
prevention and therapy based on the individual motivation
and skill to use toothbrushes, dental floss and other oral
hygiene instruments.

Bacterial interactions, which may be synergistic or
antagonistic, have a major role in maintaining the flora of
skin, intestines, uroepithelial cells and mucous membranes,
and thus in preventing the establishment of pathogenic
bacteria. Several mechanisms of bacteria interference have
been described, e.g., production of antagonistic substances,
competition of nutrients, changes in the microenvironment
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and lack of available adhesion area for the pathogenic
bacteria due to the presence of the non-pathogenic strains
[42]. A recent patent describes how an antimicrobial and a
non-pathogenic bacterial coating layer may be effective to
demote the infection of surfaces by pathogenic micro-
organisms [64]. The non-pathogenic bacteria, resistant to the
antimicrobial used, should interfere with pathogenic strains
trying to colonise the surface and dominate the ecological
space. The antimicrobial agent, to be used with a kit applied
to the medical device before implantation, can be an
antibiotic, an antiseptic, a disinfectant or a combination of
the three. Non-pathogenic gram-negative bacterium should
be selected from Enterobacteriacea (e.g. Escherichia,
Salmonella and Yersinia), Pseudomonas aeruginosa,
Stenotrophomonas  maltophilia, Burkholderia cepacia,
Gardnerella vaginalis and Acinetobacter species. In the
patent’s context, “non-pathogenic bacteria” referrers to
known non-pathogenic bacteria and to pathogenic bacteria
that have been mutated or converted to non-pathogenic
strains.

3.1. Biofilm Prevention in Catheters

Catheters for vascular access and haemodynamic
monitoring (e.g. infusion of electrolytes, drugs or
chemotherapy agents; draw of blood for analysis and
haemodialysis) are one of the most used type of medical
devices and responsible for a high number of nosocomial
infections [65]. There are four potential sources of catheter
infection: (i) the presence of microbial cells at the site where
the catheter is inserted through the skin; (ii) the catheter hub;
(iii) pathogenic cells travelling through the blood stream
from a distant infection site; (iv) contamination of the
infusion fluid [66]. The degree of pathogenicity will depend
upon microbial adherence, which is also related to the
catheter material, and the host defence system.

Peritoneal dialysis catheters for acute use (application for
less than 4 days) are usually made of relatively rigid nylon or
polyethylene, whilst those for chronic afflictions are
fabricated with soft materials, such as silicone rubber or
polyurethane. The chronic catheters have extraperitoneal
cuffs that cause local inflammation and tissue growth, that
helps positioning the catheter while prevents fluid leaks and
bacterial colonisation. Nevertheless, since silicone is a
hydrophobic polymer, it is susceptible to biofilm formation.
However, the hydrophilic polyurethane has also been
reported to be attacked by micro-organisms. An
antimicrobial agent such as triclosan or butyl paraben can be
dispersed in medical grade silicone elastomer used to
fabricate prosthetics and parts of voice prosthesis [67].

During peritoneal dialysis, the catheter is introduced
directly in the peritoneal cavity of the patient and the
catabolites migrate from the blood, across the peritoneal
membrane, to the dialysis solution. An expected
complication of peritoneal dialysis is peritonitis, being the
catheter the major access for infection as it makes the bridge
between the sterile inside the peritoneal cavity and the
exterior of the body. Addition of 0.5-4% taurolidine into
peritoneal dialysis solutions, and to lock and flushing
solutions, may reduce or prevent microbial colonisation [68].
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Besides risk of infection, clotting of catheters may also
occur, since these devices may rest in the patient’s body for a
significant time, being used on a weekly or daily basis. To
prevent the formation of thrombus, catheters are usually
filled with a lock solution. The anticoagulant normally
applied is heparin, which is injected into each catheter lumen
immediately after each use. The heparin solution should be
maintained in the lumen but must be withdrawn before the
next application because heparin may cause haemorrhages.

Several innovations have been presented related to the
lock solution. In one method, a syringe containing a lock
solution of citrate salt (1.5-50%, w/w) is used to infuse the
lumen of an indwelling catheter [69]. As alternatives,
polyethylene glycol, glycerol, polyglicerol, polygeline or
mixtures of them, may be added to the lock solution to
increase its viscosity and density to expand the time of
permanency, or the lock solution may be prepared to have a
pH lower than 6.5.

A method to treat infections related to indwelling
catheters was developed based on the application of an
electric field through two electrodes applied to the internal
and external surfaces of the catheter [70]. An antimicrobial
drug solution is inserted in the catheter and in the receptacle
of the electrode placed on the skin and around the exit area
of the catheter. The permeability of the catheter to
antimicrobial drugs increases both in the internal and
external surfaces, helping to kill micro-organisms in difficult
to access places.

Crossley proposed a technique that uses photodynamic
therapy: light of a selected wavelength or wavelength band is
coupled to the medical device and activates the release of a
toxic substance from at least one photosensitizer compound
embedded in the surface [71]. The photosensitizer may be a
natural compound (such as porphyrins, polyynes or
anthraquinones), a dye (rhodamines, methylene blue, etc) or
other substance that reacts to light (such as cyanine
compounds). Antimicrobial activity of these compounds may
be inherent or acquired upon exposure to light.

4. BIOFILM DETERRENCE IN WATER SUPPLY
SYSTEMS

Several methods have been proposed to prevent and
destroy biofilms in water supply systems, including
mechanical (e.g. rasping, sonication, freezing and thawing),
chemical (e.g. biocides, detergents, surfactants) and
enzymatic means.

4.1. Mechanical and Physical Processes

Filtration has been the most common way to remove
solid particles from water, carbon filters being even able to
remove both organic and inorganic compounds. However, to
remove micro-organisms such as bacteria, yeasts and fungi
the porous of the filter must be smaller than 0.2 nm, which
contributes to a rapid fouling of the filters. To remove
viruses and microbial particles, the pores must be even
narrower. A study carried out in Karachi, Pakistan, showed
that the combination of both boiling and filtering systems
was only efficient to disinfect 38% of the samples collected
from distinct houses [72]. Recent patents have described
systems associating filtration techniques to ultraviolet (UV)

Carla C. C. R. de Carvalho

radiation. In the range of 200-300 nm, UV radiation is very
effective in killing micro-organisms, and UV lamps have
been extensively used, since almost no by-products are
produced, contrarily to what happens during chlorination and
ozonation (for a review on inactivation of viruses, bacteria
and protozoan oocysts see [73]).

Filtered water may be cleaned of micro-organisms such
as Legionella by radiating the water as it leaves storage tanks
through a shower head, sprinkler, irrigation nozzle or similar
openings [74]. To destroy and prevent biofilms inside
conduits, Korin [75] presented an integrated filtration and
sterilization unit using a wavelength (120-242 nm) of the UV
light source that enabled both the sterilisation of the
previously filtrated liquid and the generation of ozone from
an oxygen containing gas. Albelda and co-workers [76] had
suggested a method that included filtration and/or exposure
of the liquid (to be used inside tubes) to UV radiation prior
addition of an oxygen solution containing at least 0.2%
(w/w) oxygen.

Costerton [77] proposed to freeze the biofilm in fouled
pipes sufficiently slow to allow the formation of large (0.5-
20 mm) sharp-edged ice crystals within the polysaccharide
matrix. To achieve this, the pipes may be cooled with dry ice
or liquid nitrogen. The frozen biofilm is subsequently
thawed and removed, for instance, by a liquid flow through
the pipes.

The opposite situation, the use of high temperatures, may
also be used to disinfect surfaces and prevent the formation
of biofilms. Micro-organisms such as Legionella can be
eradicated from domestic hot water supply systems and
similar devices, connected to water distribution circuits,
using a heating cell that may also be used to heat the primary
circuit [78]. In sea wvessels and exterior places, the
temperature of the pipes may be considerably lower than
inside heated water tanks, decreasing the success of the
process. In such cases, a heating ribbon, wire, rod or an
elongated heating spiral may be applied inside the tubes to
maintain the water at an efficient temperature (around 60°C),
while decreasing energy and water consumption [79].

By circulating heated water at around 80°C through the
fluid circuit of a dialysis machine comprising a water
treatment module, a dialysate preparation module and circuit
and an extracorporeal circuit (including the dialyser, arterial
and venous blood lines to connect to the patient) during a
certain period (around one hour) disinfection of all circuits
may be achieved [80]. Suddath and co-workers developed a
self-cleaning system with a boiler to provide sanitized water
or steam to a dental workstation [81]. The steam is used to
sterilise the delivery line and workstation and destroy
adherent cells.

Small diameter tubes are difficult to clean, especially if
the tubes are long, because fouling decreases flow velocities.
Haemodialysis hollow fibres have length/diameter (L/D)
ratios of about 1000-1500 and tubular membranes of 500-
1500, dental chair tubes have L/D of 2000-3000, industrial
pipes have usually L/D ratios of 1000-3000 and in
endoscopes the ratio is about 500-2000 [82]. Tabani and co-
workers patented a process for removing adherent
contaminants from hollow porous fibres which consists in
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back-flushing a liquid to fill the pores and application of a
gas flow. The mixture of gas and bubbles provokes enough
turbulence to remove the adherent particles into the liquid
phase. The process may be applied in tubes with diameters
from c.a. 0.2 mm to 10 cm or more, depending on a
sufficient gas supply. Bubbles are able to remove mature
biofilms at the point collision due to the combined effect of
fluid dynamic shear forces and thermodynamic forces that
pull bacteria from a surface when the bubble contacts the
biofilm [83]. The fraction of biofilm removed per bubble is
about 0.4 and this technique may be applied by powered
toothbrushes to remove bacterial biofilms from teeth.

4.2. Chemical Processes

The application of oxidation processes, e.g. through the
usage of oxidants such as ozone, hydrogen peroxide,
chlorine or chlorine dioxide, is a well known process of
water treatment, being able to remove organic and inorganic
compounds in water while improving taste and colour.
However, ozone low water solubility and stability, high cost
and inefficiency to oxidise some organic compounds hamper
its application, in particular economically [84].

Electrochemical generation of ozone for “point-of-use”
applications (osmosis systems, refrigerators, drinking
fountains, etc) to provide disinfected water, ozone-
containing water and/or ozone gas was presented by
Andrews and co-workers [85]. Disinfected water, produced
by introduction of ozone into purified water, finds its
application in anti-microbial and cleansing applications at
consumer-level, e.g., to wash food, cloths, toys, bathrooms,
etc, as well as to wash and disinfect medical devices. Water
enriched in ozone is also effective in eliminating micro-
organisms and prevent biofilm formation in water circuits
delivering water to a patient’s mouth during dental
procedures [86]. In ozone treatment of dialysis feedwater,
the ozone should be applied to the water storage tank and
removed prior the use of the water in dialysis treatment using
UV light [87]. Water for dialysis and other processes
requiring ultra-pure water can also be cleaned and
disinfected by maintaining an acidic pH with a high carbon
dioxide concentration in solution [88].

Chlorine dioxide is a gas with effective disinfectant,
bleaching and oxidizing properties, although explosive in
contact with air at concentrations above 10%. Kross and co-
workers suggested the application of 25-2500 ppm chlorine
dioxide solutions to decontaminate small diameter water
pipes (such as those in dental units, ranging 6-19 mm) and
concentrations 1-10 ppm to maintain the circuit clean [89].

To control biofilms and micro-organisms in general in
systems supplying water to large medical or dental devices, a
filtration system containing filters to remove particles,
organic matter and bacteria can be combined with a
pressurised storage tank to which antimicrobial agents are
applied [90]. The biocidal agent being a mixture of
hydroperoxide ions, a phase transfer catalyst and a trace
colour or an antiseptic agent from citrus fruits, such as
grapefruit seed extract.
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4.3. Enzymatic Action

The polymeric matrix that anchors the cells constitutes a
penetration barrier to biocides, decreasing their potency in
comparison to that observed with planktonic cells while
promoting microbial resistance [91]. The cells inside the
biofilm have a lower access to nutrients and thus a slower
growth rate, becoming more protected to the majority of
antibiotics and biocidal agents since they act primarily upon
dividing cells. The use of substances capable of destroying
the physical integrity of the matrix, interfere with bacterial
adhesion or initiate cell detachment from surfaces are good
alternatives to biocides and/or disinfectants. The latter
contribute to the propagation and spread of resistant strains
[92] and its use may be restricted by environmental
regulations [93].

Especial attention has been given to enzymes able to
destroy polysaccharides, which are the primary building
blocks of slime. Among these are proteases, such as alkaline
proteases, and a-amylases from various Bacillus strains [94],
acidic proteases and glucoamylases from Aspergillus niger
[41], acidic and alkaline proteases from pineapple stem and
cellulases [95]. In the late 1980s and early 1990s,
combinations of biocides and enzymes were used: the
enzymes were responsible for destroying the polysaccharide
matrix to enhance the biocide action. Pedersen and Hatcher
[96] used methylene-bis-thiocyanate, dimethyl dithiocarba-
mare or disodium ethylene-bis-dithiocarbamate as biocide
and amylase, a dextran degrading enzyme or a levan hydro-
lase as the polysaccharide degrading enzyme. Robertson
et al. [97] proposed the application of chlorine, hypochlorite,
bromine, hydrogen peroxide, etc., in a concentration of 0.5-
500 ppm and trypsin and/or endo-protease and/or chymo-
trypsin in about 0.01-1000 units to inhibit the growth of
filamentous organisms. More environment friendly solutions
have been proposed since then, including: (i) mixtures of
enzymes and a surface active agent, preferentially anionic
[98]; (ii) at least one enzyme belonging to carbohydrases,
proteases, glycol proteases or lipases and a short-chained
glycol component [99]; (iii) enzyme blending in 2-100 ppm
of cellulase, a-amylase and protease [100].

5. CURRENT & FUTURE DEVELOPMENTS

The increasing understanding of how a biofilm is formed
and the role of each mechanism involved in cell adhesion is
providing precious information to the development of sound
strategies to combat cell colonisation. Interferences (i) in the
initially cell-to-surface and cell-to-cell contact, responsible
for the formation of the first microcolonies at the surface, (ii)
with the molecules responsible for cell-to-cell communica-
tion or quorum sensing and (iii) with the formation of EPS,
responsible for the structure of the biofilm, can disrupt the
process of biofilm formation and proliferation.

The approach and adhesion of cells to surfaces is
facilitated by the cell surface hydrophobicity [101-103].
Cells growing in alcohols, hydrocarbons and terpenes, as
sole carbon and energy sources, are able to change their
surface hydrophobicity [104]. The routinely use of biocides
in industrial and household products can act as a selective
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pressure upon exposed bacteria.

The more tolerant

individuals will, in that case, have an increased contribution
to the reproduction of the population under stress [105]. This
could be responsible to the observed increased number of
hospital infections [106]. Development of biocides and their
extensive application should be conscientious and aimed at
health and environment friendly, effective and economically
feasible compositions.
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