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Introduction

Most people see micro-organisms as being quite morbid and
not very useful agents. However, bacteria are the oldest and most
successful life form on planet Earth. They have been here for 3.5
billion years. In that time they have maintained the cycle of life in
our habitat. Cyanobacteria (also called blue-green algae) were the
first organisms to produce the oxygen which is essential for us.
They enriched the atmosphere to an oxygen level of 21%. Several
bacteria that live in the soil are also indispensable. They produce
nutrients from dead plants and animals and deliver them to other
plants and micro-organisms. And what about water? If it did not
contain any bacteria, the water would become more and more
polluted and eventually unfit for human consumption.

By taking a closer look we can find bacteria in all types of
environments. We know that there are innumerable species that
have specialized within a given habitat. Each one of us has an
entire bacterial power plant inside his/her body - to be more
specific: within the bowel. Bacteria settling and working in the
bowel convert the tasty food we eat into the energy we need to
exist. There are many other useful bacteria as well; for example,
on our skin. They protect us against even smaller organisms —
the viruses — by continuously excreting enzymes and regenerating
acid in order to prevent these viruses from permeating the skin
and entering our cardiovascular system. These different kinds of
bacteria do not live separately from each other as one might
assume but in countless parallel combinations.

If we take a closer look at nature we can find bacteria on nearly
every surface, e.g. on a wet stone in a brook. This slimy surface
consists of bacteria and algae that filter nutrients from the water
and use them for their metabolism. Microbial mats are generated
that are responsible for the purification of our rivers. These films are
stuck together by the bacteria themselves and their metabolism
produces such things as proteins and polysaccharide molecules (also
called extra-cellular polymeric substances — EPS). Biofilms were
first discovered sixty years ago and are becoming more and more
interesting to science and industry.

Biofilm from the upper reaches of
the Platanero River (Rhodos).



Biofilms in a shower tube,
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1. The Biocoenosis biofilm

Biofilms are micro-organisms and other particles, such as sand,
that attach to surfaces (interfaces). There they build a matrix of
extra-cellular polymeric substances (EPS) in which the cells are
immobilized. The conditions for the formation of biofilms — micro-
organisms, interfaces, nutrients and humidity — are present nearly
everywhere. The biofilm itself represents a shelter and living space
that provides a symbiotic habitat for many different species.

The advantages when compared to a planktonic way of life
(single cells swimming in water) is that there is protection against
environmental stresses such as:

- dehydration,

- extreme pH - values,

- disinfection agents and

- mechanical stress caused by the sheer force of hydrodynamics

Different kinds of species are able to develop in this sheltered
environment, particularly due to the existence of ecological niches
(zones with no-flow currents or oxygen-free zones in the lower
layers of biofilms). In addition, the EPS matrix works as a nutrient
reservoir for harder times.

The attachment of micro-organisms to surfaces can be seen as a
survival strategy. At the same time the surface can act as a nutrient
source (e.g. decomposition of dead plant and animal material or
degradation of synthetic materials). Biofilms have even been found
in domestic shower tubes. Here, the bacteria use the carbon (which
is the softening agent) from the tube as a source of nutrition. Over
time the tube becomes brittle and can even break. The following
illustrations show biofilms in a conventional shower tube, on a
magnetic gear pump and in a wastewater pipe.

2. From the first attachment to the deposit

Certain conditions are necessary for the formation of a biofilm.
There must be a surface or an interface that is in contact with water
or humid air and micro-organisms and nutrients must be present.

It is quite hard for micro-organisms to initially settle on a surface.
The settlement process is fostered in that the surface is conditioned
by a type of natural glue that consists of humic acids/substances,
proteins and polysaccharide molecules.



These substances come to the surface due to the degradation of
organic matter under water and create a “conditioning film". This

film makes it easier for micro-organisms to attach to the surface

and to settle. Some bacteria attach permanently to the surface and
others only temporarily. The permanently attached bacteria then

use nutrients from the water phase to metabolise and proliferate.
This stage is called the “growth phase”. Due to the duplication of
cells during cell division this stage is also called the “exponential

growth phase”.

Whilst growing, bacteria excrete metabolites like EPS as described
above. These substances enable the micro-organisms to protect
themselves against external attacks from predators (higher
organisms, e.g. protozoa), absence of nutrients and mechanical
stress (flow). The EPS allows the bacteria to organise in colonies
and to live symbiotically with other species. This EPS matrix is
therefore an essential component of every biofilm.

Conditioning of the substratum
Suspended cells attach

Reversible adhesion of cells
Deadhesion

Irreversible adhesion of cells
Growth and accumulation of cells

Detachment by erosion
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Detachment by sloughing

Figure A: Different steps of for-
mation, growth and detachment
of biofilms.
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Figure B: Formation of biofilms
(Characklis, 1990).

A critical limiting factor in biofilm growth is the detachment of
single cells or whole colonies (so-called erosion and sloughing).
This occurs when the EPS matrix cannot resist the mechanical stress
because of the thickness of the biofilm layer. The matrix then
breaks away from the surface. Or, if there are not enough nutrients
present, then bacteria consume the EPS and the biofilm also breaks
away. In a stable system the processes of growth and detachment
fluctuate around an equilibrium called the “plateau phase”. Figures
A and B show the formation of a biofilm with single growth phases
and an overall growth curve.

> exponential growth steady state

3. Structure and composition — What is inside?

Biofilms generally consist of micro-organisms, extra-cellular
polymeric substances, enclosed inorganic matter such as sand and
solutes e.g. metals. The largest component by far is water. The
content of water in a biofilm can vary between 50% and 95%.
The EPS can vary from 60% to 90% of the dry mass of the whole
organic biomass in biofilms.



The EPS are organic polymers mainly consisting of polysaccharides,
proteins, glycoproteins, nucleic acid and lipids. Exopolymers are
cell excretions that bind strongly to the cell surface in various
different ways. They form a shell around the bacteria cell, fill the
space between the cells and catch the micro-organisms in a three-
dimensional space. Depending on mechanical stress (flow) biofilms
can either grow in a fluffy or compact manner. Rubbery biofilms
have also been discovered in places with a high hydrodynamic flow.

Different structures of biofilms

ing from fluffy,
4. A destructive community — Biofouling and hygiene e o

The term biofouling refers to biofilms that grow within technical
equipment, disturbing production processes and products. Many
different problems can arise from biofouling: Biofilms can cause
and accelerate corrosion of the affected material, as well as causing
pressure reductions in pipes and membrane installations, and
significantly decreasing heat transfer in heat exchangers.

In addition, loose pieces of biofilm contaminate products and
disturb production processes. However, even the presence of
only a few micro-organisms in both purified and potable water
installations can cause hygienic problems. to extremely compact

Table 1 shows the “extreme” environmental conditions under
which biofilms were found to be able to exist. It is not possible to
keep technical systems completely clean of micro-organisms. Due
to this, biofilms may occur in all those systems operating within the
given range (see table 1). For economic reasons, companies often
don't react until biofilms begin to cause contamination problems
due to their growth and thickness.

Measurement of oxygen profiles
with micro-electrodes



Table 1

Range of microbial existence in terms of biofilms (Flemming, 1991)

Temperatures
from -12 °C (cold, saline solutions)
to 110 °C (sulphate reducers in sulphur containing pressurised springs)

pH-range
from O (Thiobacillus ferrooxidans)
to > 13 (Plectonema nostocorum; natron bacteria)

Hydrostatic pressure
from O (different bacteria)
to > 1400 bar (“barophile bacteria")

Redox potential
whole range of the redox stability of water

Salinity
from O (bacteria in bi-distilled water)
to saturated solutions in salt lakes (obligate halophilic bacteria)

Nutrients
from 10 pg/L organic carbon (systems with highly purified water, extremely
oligotrophic) to life directly on the nutrient source

Surface material
metals (incl. copper), concrete, plastics, glass, minerals, petroleum and fats,
plant and animal tissue, bones and more

Radiation
biofilms on quartz housings from ultraviolet lamps
biofilms on radioactive sources (> 500 krad)

Presence of biocides
> 2 mg/L free chlorine
biofilms in disinfection conduits

Hygiene

As clearly illustrated in table 1, there is almost no habitat where
biofilms cannot grow. The question now is: How dangerous or
tolerable are they for humans? Bearing Legionnaires' Disease in
mind, one asks oneself where the pathogens come from. Potable
water in Germany is generally of excellent quality. This is ensured
through laws and has to be guaranteed by utilities and waterworks
as far as the connection of the house installation, which is where



problems begin. Incorrectly installed systems with dead zones
promote biofilm growth due to the low flow velocity. In addition,
if a cold water pipe is installed next to a hot water pipe without
any insulation, germs will accumulate. Biofilms may form under
these conditions and pathogens can then multiply causing health
problems. For this reason hot water pipes are no longer installed
in hospital sanitary units. Another, even better solution is to install
a boiler at the end of the pipe, which heats to 60°C. High
temperatures will kill most of the pathogens and so prevent them
reaching a hazardous level.

5. The battle against biofilms

Biofilm with sulphate reducing

Chemical or physical methods are presently used to combat bacteria

bacteria; of these physical methods which exert mechanical
stress such as scraping off the biological mat are actually the most
effective ones. Getting rid of the unwanted biofilm should be the
aim of every treatment. It does not matter whether this is achieved
through chemical or physical means or by a combination of both.
The aim is the detachment of the bacteria, killing them beforehand
if necessary. The most commonly used chemical treatment of water
conduits is the application of oxidative biocides. These substances
react relatively non-specifically, particularly with organic matter. In
this way micro-organisms are killed and the EPS matrix is debilitated
to make detaching the film easier. However, the impact of these
oxidizing agents (e.g. hydrogen peroxide, ozone and chlorine)
affects not only the biofilms but also the basic material. In addition,
some of these — e.g. chlorine and bromine — are not ecological.

After all it is important not to underestimate the concentration
of the biocides. The biofilm matrix works as a diffusion barrier
that protects the micro-organisms in the lower layers against toxic
substances during the water phase. There is a danger of a fast
re-growth if one does not kill or detach all organisms in the biofilm.
Most of the commonly used physical cleaning procedures apply
mechanical stress to remove the unwanted deposits. This can be
shock pressure or high flow velocities. Micro-organisms can be
killed by radiation with UV light; however, due to the fact that
the radiation does not reach the lower layers of the matrix the -
growth continues almost unimpeded (see table 1). Even if it seems ) -

o K nvestigation of a 2.5 cm
to be very easy to scrape off a biofilm with a brush or other tools, (1 in) biofilm
the matrix is partly able to withstand high mechanical stress.




Detailed shot of an overflown
stone.

River biofilm

6. Measures to reduce biofilms

As mentioned above it makes sense to combine different
strategies to reduce microbial growth and subsequently to avoid
the formation of a biofilm. In this context water installations and
water devices have to be checked at regular intervals that are
specified by the manufacturer. Additionally, there are some
prophylactic measures to prevent the micro-organisms entering
the water system. To avoid additional bacterial contamination of
closed systems special precautions should be taken (e.g. wearing
disposable gloves) when opening filter units for drinking water.

You should also clean the whole system (e.g. water dispensers)
and its links to surrounding devices such as connectors for tubes
and tap connections. This can be done by first using a brush to
create mechanical stress and then by flushing away the bigger
deposits. It is then advisable to disinfect with special agents.
It is also a fact that bacteria grow slower at lower temperatures.
This means that drinking water devices should be installed
and maintained in positions without any direct sunshine falling
on them and should be kept at low temperatures. If you
maintain and clean your devices periodically, biofilms and
bacterial contamination will stay at a level that is not dangerous
for humans.
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