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  Abstract   “Biofouling” is referred to as the unwanted deposition and growth of 
biofilms. This phenomenon can occur in an extremely wide range of opportuni-
ties ranging from colonization of medical devices, during production of ultrapure 
drinking and process water, and fouling of ship hulls, pipelines and reservoirs. 
Although biofouling occurs in such different areas, it has a common cause, which 
is the biofilm. Biofilms are the most successful form of life on earth and tolerate 
high concentrations of biocidal substances. Conventional anti-fouling approaches 
usually rely on the efficacy of biocides, aiming for inhibition of biofilm growth. It is 
important to keep in mind that killing of biofilm organisms usually does not solve 
biofouling problems as mostly the biomass is the problem and must be removed. 
Therefore, cleaning is at least equally important. However, for a sustainable anti-
fouling strategy, an advanced approach is suggested, which includes the analysis 
of the fouling situation, a selection of suitable components of the “anti-fouling 
menu” and an effective and representative monitoring of biofilm development. One 
important part of this menu is nutrient limitation, which could be implemented 
on a much broader scale than is practiced today. Other items on the menu include 
methods to monitor unwanted biofilm development and assessment of the efficacy 
of anti-fouling measures. Also, natural anti-fouling strategies are worth exploring 
and learning from – and nature never relies on only one defence line but on inte-
grated approaches.    

  1 What is Biofouling?  

 The term “biofouling” is referred to as the undesired development of microbial layers 
on surfaces. This operationally defined term has been adapted from heat exchanger 
technology where “fouling” is defined generally as the undesired deposition of material 
on surfaces, including:
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  –    Scaling, mineral fouling : deposition of inorganic material precipitating on a surface  
 –    Organic fouling:  deposition of organic substances (e.g. oil, proteins, humic 

substances)  
 –    Particle fouling:  deposition of, e.g., silica, clay, humic substances and other 

particles  
 –    Biofouling : adhesion of microorganisms to surfaces and biofilm development    

 In the first three kinds of fouling, the increase of a fouling layer arises from the trans-
port and abiotic accumulation on the surface of material from the water phase. What 
is deposited on the surface originates quantitatively from the water. In these cases, foul-
ing can be controlled by eliminating the foulants from the liquid phase. However, this 
is different in the case of biofouling: microorganisms are “pseudo-particles”, which 
can multiply. Even if 99.99% of all bacteria are eliminated by pre-treatment (e.g. 
microfiltration or biocide application), a few surviving cells will enter the system, 
adhere to surfaces, and multiply at the expense of biodegradable substances dissolved 
in the bulk aqueous phase. Thus, microorganisms convert dissolved organic material 
into biomass locally, through metabolic transformations. These metabolic processes, 
i.e. biodegradation and surface growth, form the basis of biofilm reactors (e.g. mem-
brane bioreactors) that have been introduced in the past decade. Biofouling can be 
considered as a “biofilm reactor in the wrong place and time”. Substances suitable as 
nutrients, which would not act as foulants per se, will support fouling indirectly. 
Although most current anti-fouling measures target the microorganisms directly (e.g. 
chlorine disinfection of a potable water system), the role of nutrients as a potential 
source of biomass is frequently overlooked. 

 Moreover, biocides tend not to decrease the nutrient level that ultimately supports 
the biofilm. On the contrary, nutrients released into solution by the oxidative break-
down of normally recalcitrant organics can support rapid post-biocide (LeChevallier 
 1991) . As it is virtually impossible to keep a common industrial system completely 
sterile, microorganisms on surfaces will always be present, “waiting” for traces of nutri-
ents. Thus, all biodegradable substances must be considered as potential biomass. 

 Usually, the different kinds of fouling mentioned above occur together. The propor-
tion of biofouling can be considerable. An example is the development of dental 
plaque, i.e. mineral depositions on teeth which is favoured by biofilms. In algal bio-
films, precipitation of calcium carbonate is increased, mainly due to the rise in pH 
resulting from photosynthesis (Callow et al.  1988) . However, other mechanisms may 
also play a role such as changing of the water activity by EPS molecules. Generally, 
biofouling has to be considered as a biofilm problem. In order to understand the effects 
and dynamics of biofouling and to design appropriate countermeasures, it is important 
to understand the natural processes of biofilm formation and development. 

 From a microbiological point of view, there is no “typical” fouling organism. If 
excessive biomass or non-specific contamination of the water phase is the problem, 
it will be the most abundant organism in a given site that will be the main fouling 
organism. If metabolic products cause the problem, such as low-chain fatty acids, 
hydrogen sulphide or inorganic acids, the organisms producing these substances will 
cause the fouling. Again, “fouling” is an operational expression, which is defined by 
the specific physicochemical and biological characteristics of a system. 
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 Nearly all microorganisms are capable of forming biofilms as this is a universal 
way of microbial life. Practical observations revealed that particularly slimy strains 
of environmental bacteria may prevail in water system biofilms (Wingender and 
Flemming, personal observation). Usually, the composition of fouling biofilms is 
dominated by the autochthonic flora, which can differ profoundly with different 
fouling sites and conditions, including those systems whose microbial flora has 
been perturbed by the application of biocides. 

 Biofouling in the sense of the given definition can occur in extremely diverse 
situations ranging from space stations (Koenig et al.  1997)  to profane explanations 
for religious miracles like that of Bolsena, which is attributed to the growth of 
 Serratia marcescens  on sacramental bread and polenta. Communion cups have 
been identified as potential infection risks due to biofilms on the chalices (Fiedler 
et al.  1998) . In medicine, implant devices such as catheters are prone to biofouling. 
Dental waterlines can be seriously contaminated by pathogens (Barbeau et al.  1998) . 
In general, it is acknowledged now that biofilms are a common cause for infections 
(Costerton et al.  1999) . Cases, causes and countermeasures have been reviewed 
(e.g., Flemming  2002)  and more are presented in this book. 

 In technical systems, a less considered problem is the fact that biofilms can 
provide a habitat for pathogenic microorganisms. Biofouling, therefore, may be not 
only a technical problem but can also imply the exposure of working personnel to 
such pathogens released from biofilms. The contamination risk can occur from skin 
contact and from inhalation of aerosols.  Klebsiella  , Mycobacterium, Legionella , 
 Escherichia coli  and coliform organisms have been found in water system biofilms 
(LeChevallier et al.  1990)  from where they can detach and will be found in the 
water phase. In the presence of corrosion products, pathogens seem to be particu-
larly protected. This is the conclusion of the study of Emde et al.  (1992) , which 
found a much higher variety of species in corrosion product deposits, called “tuber-
cles”, compared to the free water phase, even after extended periods of chlorination. 
The fate of viruses in biofilms is still in question. Reasoner  (1988)  reports very 
occasional incidence of pathogens in drinking water biofilms. This is confirmed by 
a large study on drinking water distribution system biofilms carried out currently in 
Germany. First results indicate that some pathogens seem to be even eliminated by 
the autochthonic biofilms (Wingender and Flemming, personal observation). In 
distribution systems, due to the surface to volume ratio, more than 95% of the entire 
biomass is located at the walls and less than 5% in the water phase (Flemming 
 1998) . These biofilms contribute considerably to the overall purification process 
because they degrade diluted organic matter. There is no correlation between the 
cell concentration in the water and in the biofilm, although most of the cells found 
in the water phase originate from biofilms. However, ongoing large field research 
reveals that biofilms developing on certified materials seem not to represent a threat 
to drinking water and in general do not harbour potentially pathogenic organisms 
(Kilb et al.  2003) . The situation is different if materials are involved that support 
microbial growth. An example is shown in Fig.  1a : massive biofilm formation on 
synthetic elastomers in drinking water pipelines. Figure  1b  shows a scanning electron 
micrograph of the same biofilm. The size of the cells indicates very good growth 
conditions, in contrast to starving microcolonies, which are usually found on 
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 Fig. 1     a  Massive biofilm development on an elastomer coating of a valve in a drinking water 
system (Kilb et al.  2003) .  b  Scanning electron micrograph of a section of  a .  Right:  magnification 
of a section of the micrograph on the  left  (courtesy of G. Schaule)  



Biofilm Control: Conventional and Alternative Approaches 107

materials that do not leach nutrients. This biofilm harboured coliform bacteria, 
which were detected in downstream drinking water samples.         

  2 Countermeasures  

 In biofouling cases, it is reasonable to follow a three step protocol:

   1.    Identification of the cause and localization of the problem  
   2.    Sanitation (cleaning is as important as killing the microorganisms)  
   3.    Prevention     

 This has been described in detail earlier (Flemming 2 ) . Usually, if a problem arises 
in a process, the diagnosis “biofouling” will be attributed if other causes do not 
explain the phenomena. In order to design the most effective countermeasures, it is 
important, to verify this diagnosis. This has to be performed by sampling of the 
surfaces, which requires a set of more sophisticated techniques (Schaule et al. 
 2000)  than sampling of the water phase, although the latter is unfortunately per-
formed exclusively in most cases. The most common countermeasure against 
unwanted microbial growth is the use of biocides (Flemming and Schaule  1996) . 
This line of thinking expands a medical paradigm to technical systems: the 
colonization by bacteria is considered as a kind of “illness” that has to be cured by 
some means of disinfectant, antibiotic or other biocide. However, it is well known 
that biofilm organisms display a much higher tolerance to biocidal agents than their 
freely suspended counterparts (LeChevallier et al.  1991) . Various mechanisms are 
discussed that may protect biofilm organisms (McBain  2001) . The most plausible 
explanation is based on a diffusion-limitation of the biocide by the EPS matrix. 
However, recent measurements have revealed that this cannot be the case. Small 
molecules experience practically no diffusion limitation in a biofilm matrix. Only 
if they react with EPS components (as is the case with oxidizing biocides such as 
chlorine or ozone) is consumption of the biocide and, thus, a concentration gradient 
observed, caused by reaction with EPS components (Schulte et al.  2005) . Tolerance 
against hydrogen peroxide is frequently accompanied by an enhanced catalase activity. 
In general, enhanced biocide tolerance must be taken into account in anti-fouling 
applications (Morton et al.  1998) . 

  2.1 An Integrated Anti-fouling Strategy 

 A more complex and hopefully more effective approach to combating biofilms may 
be stimulated by an increasingly restrictive legislation towards biocides, particularly 
in the EU, although the relevant literature cannot be exhaustively reviewed here (for 
further details see Flemming and Greenhalgh  2008) . It is important not to rely only on 
one “wonder weapon” but to analyse all fouling factors and to develop an integrated 
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approach, based on detailed knowledge of biofilm development. The basic idea is 
“to live with biofilms”, an approach that may well inspire creativity in new directions 
(Flemming  2002) . 

 Biofouling is an operational definition, referring to that amount of biofilm devel-
opment that interferes with technical, aesthetic or economical requirements. Research 
on reverse osmosis (RO) membrane biofouling revealed that biofilms commence 
development within the first moments of operation, thereby contributing to the 
demise of the separation process without any knowledge or forewarning that such 
processes are at work (Griebe and Flemming  1998) . Only after observing a certain 
reduced membrane permeability is the “level of interference” passed and biofouling 
is said to have occurred. This motif can be transferred to other water systems; they 
practically all carry biofilms, but not all of them suffer from biofouling. Figure  2  
shows schematically the development of biofilms in a system.        

 What are the options for keeping biofilm development in a system below the 
individual level of interference? Basically, the extent of biofilm growth is grossly 
ruled by the availability of nutrients and the shear forces. Thus, nutrients must be 
considered as potential biomass. This is an important issue as, usually, biocidal 
approaches do not take this aspect into account and do not limit nutrients; to the 
contrary, some biocides increase the nutrient content by oxidizing recalcitrant 
organics and rendering them more bioavailable (LeChevallier  1991) . Nutrient limi-
tation has been demonstrated successfully as a countermeasure to biofouling (Griebe 
and Flemming  1998) . By using biological sand filters prior to RO membranes it was 
possible to suppress the extent of biofilm growth below the threshold of interference, 
although the membrane was not completely free of a biofilm (Table  1 ).     

 Fig. 2    Schematic of biofilm development.  Dotted line  arbitrary threshold of interference (after 
Flemming et al. 1994)  
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 Obviously, this approach cannot be applied in all cases. However, there still 
remain plenty of opportunities where it provides a suitable and realistic alternative 
to adding biocides for prevention of biofouling. This approach would certainly 
reduce the burden of wastewater with environmentally problematic substances and 
certainly deserves more attention. 

  2.1.1 Surface Design and Primary Adhesion 

 Clearly, rough surfaces are more prone to microbial colonization than smooth 
surfaces. This has been confirmed with stainless steel surfaces (Faille et al.  2000) . 
However, even on the smoothest surface, bacteria can attach. This is the result of 
unsuccessful approaches to prevent biofouling in heat exchangers by electropolishing. 
In order to understand what happens when a bacterial cell comes into contact with 
a surface, it is helpful to take the entire situation in account. As shown in Fig.  3   for 
the example of a Gram-negative organism, cells are surrounded by extracellular 
material. Also, surfaces immersed in water become within seconds covered with a 
so-called conditioning film consisting of macromolecules such as humic sub-
stances, polysaccharides and proteins, which are present in trace amounts in water. This 
has long since been known (Loeb and Neihof  1975)  but not taken into account. The 
cells do not need to be viable for adhesion, the already present EPS are sufficient for 
adhesion (Flemming and Schaule  1988)         

 Many approaches have been followed in order to prevent microbial adhesion. 
Until now, only three of them have been successful:

   1.     Tributyl tin anti-fouling compounds . However, these are so toxic to marine organ-
isms that they have been widely banned from use.  

   2.     Natural anti-fouling compounds . Such compounds have been isolated mainly 
from marine plants that are not colonized by bacteria (Terlezzi  2000) . Steinberg 
et al.  (1997)  have isolated signalling molecules from an Australian seaweed 
exhibiting anti-colonizing activity. More marine anti-fouling products have been 
investigated by Armstrong et al.  (2000)  and Tirrschof  (2000) . The problem with 
all these compounds is that most of them are only scarcely available, they are 
difficult to apply on a constant basis on a surface, and they will select for organisms 

   Table 1  Deposit data from membranes before and after biological filter  
 Parameter  Unit  Before filter  After filter 

 Cell number  #/cm 2   1.0 × 108  5.5 × 106 
 CFU  #/cm 2   1.0 × 107  1.2 × 106 
 Protein  mg cm -  2   78  4 
 Carbohydrates  mg cm -  2   26  3 
 Uronic acids  mg cm -  2   11  2 
 Humic substances  mg cm -  2   41  12 
 Biofilm thickness  mm  27  3 
 Flux decline  %  35  <2 
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RO membranes could be coated with a polyether–polyamide copolymer (PEBAX 
1657), which penetrated deeply into the membrane surface resulting in a smoother 
hydrophilic surface. Compared to uncoated controls, the coated RO membranes 
displayed a significant reduction in fouling by an oil/surfactant/water emulsion in 
trials lasting more than 100 days. 

 A more novel approach to designing low-fouling surfaces that is still in its early 
stages of development involves the application of molecular simulations to observe 
and measure  in silico  the dynamics of surface fouling by macromolecular substances. 
An example of this approach is illustrated in Fig.  4   in which a hydrated oligomer 
of bacterial alginate is shown undergoing rapid adsorption to the “surface” of an 
aromatic cross-linked polyamide RO membrane. The system potential energy is 
shown to decline substantially in this molecular dynamics simulation (inset), sug-
gesting this type of adsorption interaction is energetically favourable. The aim of 
such modelling exercises is to introduce chemical modifications into the (polyamide) 
surface that will inhibit or impede such rapid macromolecular fouling.        

 The alginate oligomer is positioned initially (t = 0) above the membrane surface 
fragment (left vertical panel). The t = 0 positions are viewed from three spatial 
perspectives: side view (top), oblique view (middle), and top-down view (lower). 

 Fig. 4    Molecular dynamics (MD) simulation of alginate adsorption to a polyamide (PA) reverse 
osmosis membrane “surface” (H. Ridgway, AquaMem Scientific Consultants and Stanford 
University, unpublished data). The MD simulation shows rapid adsorption of a hydrated oligomer 
of bacterial alginate ( red ) to the PA surface ( brown ). Water molecules associated with the alginate 
are  green . Membrane-associated water is  blue . For more details see text. Frame capture times are 
given in picoseconds  
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Water and sodium counter ions have been hidden in the t = 0 images to better 
observe the alginate and membrane atoms. The right-hand upper panel indicates 
that alginate adsorption occurred relatively rapidly over a period of about 300 ps. 
As indicated by a decline in the system potential energy (inset graph), alginate 
adsorption was thermodynamically favourable. Alginate and membrane bonds are 
represented as sticks; water atoms are given as blue or green depending on whether 
they were initially associated with membrane or alginate, respectively.  

  2.1.2 Biofilm Management 

 In actual practice in a variety of systems, biofilm development can be successfully 
controlled through the application of a combination of cost-effective strategies, 

 Such a multi-factorial approach can be described as “biofilm management” and 
focuses on the limitation of factors that support biofilm growth above the “level of 
interference” (see Fig. 2). A successful example is the use of sand filters in order 
to remove biodegradable matter from cooling water in order to protect membrane 
units from biofouling (Griebe and Flemming  1998) . Nutrient limitation is mean-
while an accepted approach to minimize fouling. A thorough fouling factor analysis 
is necessary, which must include in the first place the assessment of the nutrient 
situation. It has been explained earlier that nutrients have to be considered as poten-
tial biomass. High shear forces will limit excessive biofilm development, although 
they will not prevent it. Under high shear stress, there will be a selection for organ-
isms that produce mechanically stable biofilms. Limiting the access of microorgan-
isms will also be helpful; however, it must be taken into account that cells are 
particles that can multiply. 

 Cleaning is an important issue in biofilm management. For cleaning, cohesion 
of the biofilm and adhesion to surfaces have to be overcome, which are both aspects 
of the mechanical stability of biofilms. Koerstgens et al.  (2001)  have developed a 
film rheometer that allows for the quantification of biofilm stability with the apparent 
elasticity module  e  as a relevant parameter. This research revealed that the EPS 
matrix is kept together by weak physicochemical interactions, which result in a 
fluctuating network of adhesion points. In compression experiments it was shown 
that until a yield point  s  is reached, biofilms behave as gels with constant partner 
groups responsible for the adhesion. After exceeding  s , the gel breaks down, the 
partners of the adhesion points change and the biofilm behaves as a highly viscous 
fluid. This is why biofilms are slippery. In a model system with  Pseudomonas aeru-
ginosa , it was shown that Ca 2+  ions increase the stability of the network by bridging 
alginate molecules, which are the main component of  P. aeruginosa  EPS. Mg 2+  did 
not show such an effect, but Fe 2+ , Fe 3+  and Cu 2+  did. Most commercial cleaners and 
biodispersants, however, proved ineffective in this testing system. An effective 
weakening of the EPS matrix can be achieved by enzymes (Johansen et al.  1997) . 
However, this is not a fast effect and, in practice, it has proven transient and ineffective 
in many cases (e.g. Klahre et al.  1998) . This is not surprising as EPS, like other struc-
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tural biopolymers, are not readily biodegradable. Also, continuous use of enzymes 
will select for organisms producing EPS that are not susceptible to these enzymes. 

 An important aspect in cleaning is the use of surfaces to which biofilms do not 
attach strongly. Such materials have been developed and tested for anti-fouling on 
ship hulls and fishing nets, with silcones as a promising class of compound (Terlezzi 
et al.  2000 ; Estarlich et al.  2000 ; Holm et al.  2000) . Anti-fouling polymer coatings 
were mentioned above (Louie et al.  2006) . Modelling surface–foulant interactions 
(as described above) should help elucidate how anti-fouling coatings and anti-
fouling surface treatments prevent primary macromolecular adsorption. 

 Electric fields have been used both for prevention of microbial adhesion and for 
inhibition of biofilm growth (Matsunaga et al.  1998 , Kerr et al.  1999 ; Schaule et al., 
2008). Practical observation, however, has shown that all kinds of electrodes immersed 
into water can be colonized and fouled by biofilms. Another approach to slow down 
biofouling processes and to facilitate cleaning is the use of coatings that can change 
their surface properties reversibly, induced by external stimuli such as light, tem-
perature or pH value (Flemming, current research). Very interesting is the observa-
tion that surfaces with pulsed polarization show significantly lower biofilm growth  
over time (Schaule et al.  2008) .  

  2.1.3 Biofilm Monitoring 

 It is of great importance to monitor biofilm development in order to optimize the 
time-course and effectiveness of countermeasures. This is not possible by sam-
pling of the bulk water phase. Such samples give no information about the site, the 
extent and the composition of a biofilm and they generally underestimate by orders 
of magnitude the true microbial (surface) burden of a system. Although biofilms 
contaminate the water phase, they do so not on a constant basis but very irregularly. 
Biofilm cells may erode, but sloughing events may happen as well, leading to intermit-
tent high cell numbers in the bulk water phase. Thus, biofilm monitoring must be 
performed using representative surfaces  . 

 Conventional methods rely on sampling of defined surface areas or on exposure of 
test surfaces (“coupons”) with subsequent analysis in the laboratory. A classical example 
is the “Robbins device” (Ruseska et al.  1982) , which consists of plugs smoothly inserted 
into pipe walls, experiencing the same shear stress as the wall itself. After given periods 
of time, they are removed and analysed in the laboratory for all biofilm-relevant 
parameters. The disadvantage of such systems is the time-lag between analysis and 
result. Jacobs et al.  (1996)  described a simple spectrophotometric monitoring method 
using a nucleotide fluorescent stain (DAPI) and automatic measurement. 

 Other methods have been invented that report biofilm growth on-line, in real 
time and non-destructively. They all are based on physical methods. One example 
is the fibre optical device (FOS), which is based on a light fibre integrated in the 
test surface, measuring the scattered light of material deposited on the tip  . The 
principle of the sensor is schematically depicted in Fig.  5a , a typical graph is shown in 
Fig.  5b  (Tamachkiarow and Flemming  2003) . Detection of autofluorescence of 
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biomolecules by spectroscopy allows differentiation of biological material in the 
deposit from abiotic material.        

 Another method uses two turbidity measurement devices, one of which is con-
stantly cleaned. The difference of the signals is proportional to the biomass developing 
on the non-cleaned window (Klahre et al.  2000) . Nivens et al.  (1995)  have given an 
excellent overview on continuous non-destructive biofilm monitoring techniques, 
including FTIR spectroscopy, microscopic, electrochemical and piezoelectric 
techniques, which have also been systematically described by Flemming  (2003) .    

 Fig. 5     a  Schematic depiction of a fibre optical device (FOS). The tip of the fibre is integrated into 
the water-exposed surface. Light is coupled in by the sending fibre. Material deposited on the tip will 
scatter light, which is collected in the reading fibre.  b  Typical graph of intensity of backscattered 
light as provided by the FOS (after Tamachkiarow and Flemming  2003)   
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  3 Conclusions  

 An “integrated anti-fouling strategy”will not aim to kill all organisms in a system 
but keep them below a threshold of interference. The strategy has to be based on:

   1.    Multi-factorial analysis of the fouling situation  
   2.    Installation of early warning systems  
   3.    Limiting nutrient availability where ever possible (raw water, materials, addi-

tives etc.)  
   4.    Prioritizing cleaning over killing  
   5.    Effective and representative monitoring of cleaning measures     

 Any step towards a better understanding of biofilm growth and properties will add 
to the “menu” and expand the possibilities for a flexible, effective and environmen-
tally suitable response to biofouling.      
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