Microbial detachment from
biofilms

Gillian F. Moore,! Braden C. Dunsmore,' Steven M. Jones,’
Christopher W. Smejkal,! Jana Jass,? Paul Stoodley? and
Hilary M. Lappin-Scott!

' Environmental Microbiology Research Group, Exeter University, Exeter, UK

ZDepartment of Microbiology, Ume& University, Umed, Sweden
3 Center for Biofilm Engineering, Montana State University, Bozeman, MT, USA

INTRODUCTION

This chapter reviews the broad area of biofilm detachment, the mechanisms of
detachment and the methods used to study this important process. Two case studies are
included: the first of these focuses on the control of clinical biofilms; the second case
study examines detachment in the water industry.

Biofilms are dynamic structures found in a wide variety of both natural and man-made
environments. Their formation has been well studied; for example, Characklis {1990}
described eight different stages of biofilm accumulation (Table T and Fig. 1). There has
been much research into the initial attachment of micro-organisms to surfaces,
including the effect of electrostatic interactions and elecerochemical forces (Bos ef al.,
1999). The physiological changes that attaching cells undergo have also been
examined; for example, the production of surface appendages such as fimbriae (Austin
et al.,, 1998). In contrast to the work undertaken on attachment, detachment has
received little attention although many researchers regard it as a crucial stage of biofilm
devgalopment (Stewart, 1993; Allison et al., 1999).

Bryers (1988) classified the detachment process into four separate groups: abrasion,
grazing, erosion and sloughing. Detachment from the biofilm can be directly caused by
the collision or rubbing together of surfaces on which the biofilm has developed,
leading to abrasive detachment. Larger organisms feeding on the biofilm can indirectly
‘cause detachment through grazing, Erosion and sloughing refer to phys:cal or chemical
vprocesses which mdlrectly affect the biofilm structure, leadmg to detachment Er0310n- .
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Table 1. Biofilm formation processes (Characklis, 1990) (
- B f

Stage Process N

1 Organic preconditioning of the substratum
Transport of microbial cells to the substratum

Reversible adsorption of the cells to the substratum

Desorption of celfs from substratum to bulk liquid

irreversible adsorption of cells on the substratum

Growth of cells adsorbed to the substratum and production of extracellular
polymeric substances

Attachment of other cells and particles from the bulk fiquid to the biofilm

[ =) B V5 B R VRS

8 Detachment of portions of the biofilm

refers to the continual removal of cells or small grbups of cells from the biofilm,

whereas sloughing is the loss of discrete amounts of biofilm.

Fig. 1. Biof
eight stages
desorption;
7, attachme

The detachment of pathogenic micro-organisms from a biofilm can have serious
implications, such as the contamination of a water supply. Alternatively, increasing the
rate of detachment by various types of intervention to control biofilm growth is one
way of preventing harmful biofilm accumulation. To achieve this control, more must be

—

understood about the detachment process within biofilms. Erosive d
interface,
MECHANISMS OF BIOFILM DETACHMENT those furt
the biofil

The environment around and within the biofilm plays a key role in any detachment
process. The physical and chemical properties of the environment can influence the
whole biofilm or change the biological properties of the cells within the biofilm and-
chis may lead to detachmene. Abrasion, erosion and sloughing are all tvpes of
detachment processes. They may be regarded as distinct from grazing in that, once

laminar st
the higher

It has bees

understood, they may be manipulated to alter detachment rates and conrol bulk liqui
biofilms. (1994} de
denitrifyin

Detachment processes
Unlike erosion and sloughing, abrasion is caused by direct physical contact wit

biofilm structure, for example, scraping a biofilm from a surface with cleaning ute
The effect of abrasive detachment is particularly important in the water industry as it
can seriously affect the performance of the fluidized-bed reactors that utilize biofiims 10
tréat wastewater, Within these reactors, biofilms are developed on particles of an inert

h the
nsils. 3

‘detac_hment-of 'th biofilm (Chang et af., 1991},
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Fig. 1. Biofilm formation process (Characklis, 1990}. Characklis (1990) described biofilm formation in
eight stages: 1, preconditioning; 2, transport of cells to substratum; 3, reversible adsorption; 4,
desorption; 5, irreversible adsorption; 6, growth and extracellular polymeric substances production;

7, attachment by other micro-organisms; 8, detachment.

Erosive detachment can be prompted by the fluid shear stress at the biofilm-fluid
interface. Here there is a laminar sub-layer where shear forces are low compared to
those further above the interface in the bulk liquid {Lappin-Scott et al., 1994). When
the biofilm grows and increases in thickness, its irregular surface grows above the
laminar sub-layer and into more turbulent flows where cells are continually removed by
the higher shear stresses {Characklis, 1990; Brading et al., 1995). '

Ithas been noted that chemical changes within the biofilm structure or in the surrounding
bulk liquid can often cause sloughing of the biofilm. For example, Ohashi & Harada
(1994) demonstrated that gas vacuoles of nitrogen formed in a mature biofilm of
denitrifying bacteria. These were produced within the biofilm and weakened its structure.

Factors influencing detachment

Detachment processes can be linked to the environment within the biofilm or within the
bulk liquid. These influences can be physical, chemical or biological and may lead to
changes in the physiology of the cells in the biofilm and to eventual detachment.

-Physical properties. Physical influences are mainly in the bulk liquid surtounding the

biofilm, for example the liquid velocity. Chang et al. (1991) examined detachment rates
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in a liquid fluidized-bed reactor and found that increases in liquid velocity and particle insight
concentration fead to faster detachment rates. fo di
celliss
The shear stress at the biofilm-liquid interface influences the erosion of a biofilm of grov |
(Characklis, 1990). However, Stoodley et al. (1999a) suggested that the frequency of of both
changes in shear, as well as the magnitude of shear, can lead to detachment. Between McLea:
infrequent changes in stress, the biofilm may have an opportunity to repair itself, whereas the con
in more frequent fluctuations, the biofilm reduces in thickness and detachment occurs, polyme
increasc
i There are a number of reports on the effect of physical forces on biofilm structure lossof 2
(Chang et al., 1991; Nicolella et al., 1997; Kwok et al., 1998; Stoodley et al., 1999b), cohesio’
Tijhuis et al. (1996) reported that with high detachment forces, the biofilm became | '
smooth and strong. This was in contrast to the rough and weaker biofilms formed Other i)
under low-force conditions. detachn
the sub:
bacterit
Chemical properties. Changes in the chemical properties within the biofilm or the cellulosc
bulk liquid can cause detachment. Biofilm detachment can be influenced by changes in reaches
the availability of nutrients (Stoodley et al., 1999b). Sawyer & Hermanowicz {1998) elsewhe
found that nutrient limitation at the biofilm-liquid interface of Aeromonas hydrophila cap -0
increased the rate of detachment. However, other studies have shown that an increase App.cga
in nutrient availability can lead to an increase in the detachment rate (Characklis et af.,  biofilm,
1990). extracell
biofilm .
The electrochemical properties within the biofilm have been suggested to be a cohesive
significant factor in detachment. Changes in these, associated with the requirement for a large sc
protons needed for lactose transport into the cell, could cause the extracellular
polvsaccharide matrix to expand or contract with the change in potential and so lose s Biologi
cohesive properties (Characklis et af., 1990). from bi
polysace
The effect of substrate limitation on detachment rates has also been investigated. bacteriu
Peyton & Characklis (1993) reported that substrate limitation decreased the rate of ISlaCchari(
Horesce

detachment in a Psendomonas aeruginosa biofilm by limiting the growth rate of the
cells within the biofilm. Other work has shown that the surface properties of bacterial ]
cells change during different stages of growth and this may affect detachment rates §
(Gilbert et al., 1991). Therefore, detachment may be mediated by the cell cycle (Allison f

et al., 1990).

- There are many different regulatory systems that control the-expression of genes with
- bacteria. Some of these have been studied in the context of biofilm growth and off &
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Microbial detachment from biofilms

insights into detachment processes. The stationary phase sigma factor RpoS$ has been
found to be involved in the regulation of the transcription of a variety of genes when the

- cell is subjected to stresses, such as nutrient limitation, that lead to the stationary phase

of growth (Loewen et al., 1998). The involvement of Rpo§ in the biofilm development
of both Escherichia coli and Salmonella enteritidis PT4 has been reported (Adams &
McLean, 1999; Moore et al., 1999). The role of Rpo$ in biofilm formation may include
the control of gene expression for fimbriae (Hammer et af., 1995} and extracellular
polymeric substances. However, the growth rate of the cells within the biofilm is
increased after substrate loading, leading to the inactivation of Rpo$ and therefore the
loss of activation of the proteins it regulates. This could result in a weakening of biofilm
cohesion and detachment may occur.

Other investigators have also highlighted the relationship between growth phase and
detachment. For example, Clostridium thermocellum has been shown to detach from
the substratam during the stationary phase of growth (Lamed & Bayer, 1986). This
bacterium adsorbs strongly to cellulose, which it then utilizes as a substrate. A
cellulosome is produced and this enhances attachment to the substratum. When growth
reaches the stationary phase, the cellulosome is released and the cell is free to attach
elsewhere, It has been shown that, under certain conditions, bacteria within the biofilm
can produce chemicals that destabilize the biofilm structure, leading to sloughing.
Applegate & Bryers (1991) showed that in an oxygen-limited Pseudomonas putida
biofilm, there was an increase in the calcium ion concentration and the production of
extracellular polymeric substance. Calcium ions act as cross-linking agents within the
biofilm and, along with the extracellular polymeric substance production, increase
cohesiveness. Therefore, when sloughing occurred in oxygen-limited biofilms, it was on
a large scale as the cells were firmly aggregated.

Biological properties. Some of the biological mechanisms involved in detachment
from biofilms have been studied. P. aeruginosa biofilms produce alginate, a
polysaccharide that enhances attachment of the cells to surfaces (Mai et af., 1993). The
bacterium also produces alginate lyase, which induces sloughing by degrading the poly-
saccharide that holds the biofilm together (Boyd & Chakrabarty, 1994). Pseudomonas
fluorescens has also been reported to produce lyase, which degrades exopoly-
saccharides under starvation conditions and therefore increases detachment under these

conditions (Allison ez al., 1998).

Enzymes produced by a range of organisms similarly bring about detachment.
Streptococcus mutans produces surface protein releasing enzyme (SPRE) which releases

. Proteins from the surface of the cell. The activity of SPRE i increases the detachment of '
. 2 the bacterlum from the bloﬁlm (Lee et al., 1996)
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The importance of regulatory systems that control gene expression by bacteria has |
already been noted. The influence of other regulatory systems on biofilm formation ‘

and detachment has also been investigated. Davies et al. (1998) reported that ]
mutants lacking the ability to synthesize specific signalling molecules formed
undifferentiated biofilm, and these were sensitive to SDS. Other investigators have
also demonstrated that homoserine lactones play a role in the formation, structure
and detachment events by P. aeruginosa (Stoodley et al., 1999¢; Allison ez al,,
1999). Homoserine lactones have also been reported to play a role in the biofilm
detachment of A. bydrophila (Lynch et al., 1999). Puckas et al. (1997) reported
that Rhodobacter sphaeroides produces the homoserine lactone 7,8-cis-tetra-
decenoylhomoserine lactone. When cell aggregation by the bacterium was
examined, it was noted that the wild-type grew as individual cells in suspension
whereas a mutant deficient in the production of the homoserine lactone produced

large aggregates. (

The ability of cell-cell communication to influence biofilm structure suggests that it
may regulate a number of physiological functions. Reports have implicated quorum

- sensing in the direct or indirect regulation of Rpo$ activity (Sperandio et al., 1999},
More research is needed in this new and complex area of regulatory systems in biofilms
to clarify the specific roles they play. However, such systems could be the key to the
development of novel agents to control biofilm growth,

Fi¢
bic

th:
METHODS FOR THE STUDY OF BIOFILM DETACHMENT

Many experimental systems are available to study biofilm growth (Ladd & Costerton, Or
1990). In this section, methods used for the study of the relatively new area of me
detachment from biofilms will be described. These methods can be broken down using in
a framework to assist the process of investigation (Fig. 2). bir
38
‘Three choice’ experimenting the
When designing an experiment to study biofilm detachment, three choices must be
made, that is, a culture method, a sample method and a method (or methods) of Cr
analysis (Fig. 2). The culture method refers to the situation in which the biofilm is
established. The biofilm may already be established within its natural environment {a Me
‘real’ biofilm) or within a laboratory model system. Biofilms formed in the laboratory &  °T8
can be cultured in either a batch or flowing system to mimic their natural environment. df’t-
If a flowing system is chosen, the rate of fluid flow is important to the experimental i‘“
q!

design as hydrodynamics lave a profound effect on biofilms (Stoodley et al., 19994, e} 3
Flow rate can affect the structure of the biofilm and lead to markedly different 48
detachment events, Turbulerit flow biofilms have been shown to-be denser than, or of2 8
different shape from, those grown urider laminar flow {Chang et al., 1991; Stoodley e
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Microbial detachment from biofilms

Culfure Me.thod Sample Method Method of Analysis

‘Real’ Macro
Environmental samples Destructive (e.g. Plate counts,
turbidity)
Batch system —> —>
Non-Destructive Micro

Flowing system (e.g. Light, epifluorescent

(Laminat/turbulent) and scanning electron

microscopy)

Fig. 2. ‘Three choice” experimental design: the necessary choices for design of experiments to study
biofilm detachment,

al., 1999b). Finally, the flow rate should be chosen with reference to the environment
that is being modelled.

Once a biofilm is established, the detachment events must be monitored. These
methods can be either destructive or non-destructive. Non-destructive techniques allow.
in situ, real-time analysis, whereas destructive sampling involves the removal of the
biofilm from its environment. Analysis of the sample is performed using either a macro-
method, such as plate counting or turbidity measurement, or a micro-method involving
the use of microscopy.

Critical evaluation of methods used for detachment studies
Macroscopic. A method which “reproducibly quantifies the case of removal of micro-

organisms from surfaces’ (Eginton et al., 1995) gives a useful indication of cell
detachment from a biofilm by measuring the strength of attachment. Here, tiles of

 different materials were suspended in media and biofilms developed. Tiles were then

Sequentially placed onto several agar plates and the resulting c.f.u. were counted. This
methodology uses a batch system of growth followed by destructive sampling to allow
d'etached cells to be measured macroscopically. The merits of this method are-its
stmplicity and reproducibility,. '
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Lee et al. (1996} investigated the role of surface proteins in detachment. In this study, -
hydroxyapatite rods were suspended in a chemostat containing S. rutans. The addition
of SPRE increased the detachment from the biofilm. Detachment was measured by
removal of the rods into buffer; these were then treated by gentle rocking or sonication.
Viable cell counts were made from each treatment with detachment being measured as
the difference between cells detached ‘naturally’ and the total of natural and sonicated
counts. In the study, a batch culture was coupled to a destructive sampling technique
and analysed macroscopically: it is one of the simplest, yet effective methods of

studying detachment,

Nicolella et al. (1996, 1997) identified several of the parameters significant to
detachment of bacteria from a fluidized bed. A laboratory-scale reactor, consisting of a
glass column packed with sand, was used to establish a biofilm. The fluidized bed was
designed to mimic the real system with fluid flow through the reactor. Suspended solids
were drawn off and filtered to assess detachment. This method was non-destructive and

the analysis was macroscopic.

Microscopic. Stoodley et al. (1999a) devised a real time, iz situ flow cell system for
non-destructive studies of biofilm processes, including detachment. Time-lapse image

analysis was used to investigate mixed-species biofilms i siti within a glass flow cell PR
. { Fi
(Fig. 3). Surface area measurements allowed both attachment and detachment to be m
monitored (Stoodley et al., 1999¢). The effect of specific conditions, such as changes in fo
nutrient concentration or fluid flow, on detachment was captured and image -
subtraction was used to calculate detachment rates from the biofilm.

pi

B:

Sawyer & Hermanowicz (1998) used digital image analysis with time-lapse
photography to demonstrate increased detachment rates of A. bvdrophila under
limiting nutrient conditions in a glass flow cell. Continuous video capture was also
employed {Ohashi & Harada, 1994) to perform in st analysis of a denitrifying
bacterial biofilm formed on polyvinylchloride plates within a rectangular open channel
reactor, Different types of detachment were described during the progression of biofilm
formation. By combining a flowing culture system with non-destructive image analysis
by microscopy, an effective tool was created for detachment studies. Images taken # 3

situ may be used to describe properties of the biofilm such as morphology, surface ared:

covered, as well as the mechanisms of detachment. 3
Combined macroscopic and microscopic analysis. Biofilms formed on basalt 48
particles in airlift reactors were studied by Kwok et al. {1998). Biofilm was established]
under reproducible conditions, then the effect of changing the substrate loading 0%
fluid force on détachment was investigated. Detachment was assessed by sonicating &

-
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Media

Effluent . I

Microscope |
objective '

Pump

Glass flow cell
Fig. 3. Schemati«: of a simple image analysis system to study biofilm detachment. Systems can be
more sophisticated to include: recirculating ftow {useful for high flow rates), non-pulsed flow (useful
for slow flow rates) and muitiple flow cells.

particles to remove the biofilm, then the organic carbon was determined by dry weight,
Biofilm morphology was also monitored using an image analysis system.

Insummary, few methods are available for the quantification of detachment in biofilms.
However, there are examples of experimental design that enabie the researcher to
measure detachment. The culture method chosen to develop-the biofilm will largely
depend on the system to be modelled.

Destructive sampling can provide insight into detachment and may be currently the
most fruitful way of studying real biofilms. The danger of using such sample methods
for measuring detachment is that the destructive nature of the sampling may alter the
process of detachment and, for this reason, non-destructive sampling is preferable. The
strengths of macroscopic sampling lie with the ability to take large samples. This can be
&specially useful when sampling industrial systems. Macro-analysis is highly
teproducible when compared to microscopic analysis. The latter does, however, have
the ddvantage of providing greafef_insight into the mechanisms behind defachment.
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. Scott, unpublished observations). Detachment of a 48 h MSRA biofilm establishe

CASE STUDY: THE CONTROL OF CLINICAL BIOFILMS ady
In clinical situations, biofilms can colonize human tissues and man-made surfaces :
introduced into the human body, such as medical prostheses. These biofilms can prove
potentially fatal to the patient. It is important that control measures are formulated |} Hit
specifically to detach and eradicate these biofilms. The following section discusses Bic

commonly applied antimicrobial agents used to control biofilms by inducing pIC
On

ass-

Man-made surfaces (K
The introduction of foreign materials into the human body, such as contact lenses or epi

catheters, can provide new surfaces for biofilm formation. P. aeruginosd (Stapleton & offi
Dart, 1995), Staphylococcus epidermidis (Gabriel et al., 1996), Bacillus sp. {Gopinathan ex|
et al., 1997) and Acanthamoeba (Marciano-Cabral et al., 2000) are commonly associated tro
with biofilm formation on contact lenses. If these biofilms are not removed, and the user sta-

continues to wear the lenses, conditions such as kerat

occur (Stamler, 1998). Biofilms on contact lenses are removed by
h by Landa et al. {1998) examined the efficacy of test

lutions and a detergent mixture. The latter

detachment.

itis and acute conjunctivitis can  § of «
subjecting the lenstoa st

rigorous cleaning regime. Researc

ophthalmic solutions, such as all-in-one so
consisted of 0.25% (wi/v) sodium lauryl sulphate (SLS) and 0.2% (wiv) sodium methyl The

cocoyl taurate (Tauranol). These solutions were tested against attached P. aeruginosa g 'V
biofilms on gas permeable and soft contact lenses. The results showed that the all-in-one oty
solutions were successful at inducing minor bacterial detachment of P. geruginosa 5 } bio
biofilms and the SLS/Tauranol mixture was shown to detach 95% of the P. aeruginosa s {Pa
biofilm. A study by Gavin et al. {2000) demonstrated that even after 30 min exposure 0 38 bet
3% (w/v) hydrogen peroxide, 11-13% of the P. aeruginosa biofilm cells were actively B
respiring and recoverable by standard culture methods. ]
In addition to the bacterial presence, protozod can also exist on contact lens surfaces.
The most significant of these protozoa is Acanthanoeba polyphaga, which grazes upon

the biofilm. Gorlin et al. (1996) reported that, in the absence of a biofilm, the detaching ) Ho
fuids or saline rinses essentially removed all amoebae from the Jens surface. Howeve o
the cleaning solutions were less cffective at controlling the Acanthamoeba in the '-

presence of a biofifm of . aeruginosa. |
(MRSA) can cofonize catheters (Steinbe

Methicillin-resistant Staphylococcus anreus
own on silastt

et al., 1996). The effects of antimicrobial agents on MRSA biofilms gr g
(S. M. Jones, T. . Humphrey & H. M. Lappif’g
d off

are being studied in our laboratory

silastic rubber _Was induced after exposing the biofilm to 100 g vancomycin mi™.
biofilm detached, the surface area coverage being reduced by 4.76% min~ " alté
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administering the antibiotic (Figs 4 and S), thus demonstrating that high concentrations
of vancomycin are effective at increasing detachment of MRSA biofilms.

Human tissues _ _

Biofilms can form on natural surfaces within the human body and lead to serious health
problems, For example, endocarditis is a life-threatening infection of the heart valves.
Once established, the mortality rate may be as high as 70%. The bacteria commonly
associated with endocarditis are viridans streptococci (Douglas et al., 1993), S. aureus
(Kelly & Barnass, 1999), Enterococcus faecium (Houry & Crisman, 1999} and §.
epidermidis (Costa et al., 1999). Research by Entenza e 4l. {1999) examined the
efficacy of trovafloxacin, vancomycin and ciprofloxacin in the treatment of
experimental staphylococcal and streptococcal endocarditis, Results showed that
trovafloxacin and ciprofloxacin were successful in inducing detachment of
staphylococcal biofilms from heart valves and were comparable to vancomycin in terms
of effectiveness, However, the use of ciprofloxacin resulted in the selection of resistant
strains of staphylococci (Entenza et al., 1999). These results showed that the antibiotics
tested have varying degrees of success for treating endocarditis,

The recent discovery of MRSA strains that have a reduced susceptibility to vancomycin
(VISA) have also reduced its effectiveness in treating heart valve colonization. Several
studies have demonstrated that the administration of vancomycin against a VISA
bioftlm situated on a rabbit heart valve was ineffective, with no evidence of detachment

{Patron et al., 1999; Backo et al., 1999}, Probiotics, such as Lactobacillus spp., have

been suggested as a novel treatment strategy. Such biofilms are encouraged to develop
on natural surfaces and reduce their availability for pathogenic organisms. In addition,

these harmless species may produce substances that prevent adhesion of pathogens
(Hawthorn & Reid, 1990; Reid ez al., 1990).

Antimicrobial agents have been shown to have some effect on biofilm detachment.
However, it is well documented that biofilms have a greater resistance to antimicrobial
agents than their planktonic counterparts (Costerton et al., 1995). An improved
understanding of biofilm detachment will inform the search for new agents that are
more effective against biofilms.

CASE STUDY: BIOFILM DETACHMENT - THE POTENTIAL
HAZARDS IN THE WATER INDUSTRY

Biofilms in water systems '
Many processes in the water industry rely on biofilms for water treatment. In such -
Cases, biofilms are beneficial (Costerton, 1999) as the micro-organisms degrade soluble
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Fig. 4. Detachment of MRSA biofilm after administration of vancomycin. A 48h MRSA bf)mn;efore ’
formed on silastic rubber was exposed to 100 pg vancomycin mi~". (a) MRSA bpfllm at twozs "'k
exposure to vancomycin; (b} biofilm after 40 min-exposure; () biofilm after 60 min exposure L
Jones, T. ). Humphréy & H: M. Lappin-Scott, unpublished results}. .
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Fig. 5. Per cent surface biofilm coverage of an MRSA biofilm after exposure to vancorycin. A 48 h
MRSA biofilm was established and exposed to 100 ug vancormycin ml~'. Detachment was monitored
by calcufating biofilm coverage (%) (5. M. Jones, T. J. Humphrey & H. M. Lappin-Scott, unpublished
results).

organic and nitrogenous waste materials and utilize their by-products as carbon
sources. Hlowever, there are instances where biofilms have adverse effects such as in the
biodeterioration, biofouling and contamination of water supplies. The harbouring of
potential pathogens within biofilms has been described (Lappin-Scott & Costerton,
1989) and this can lead to detrimental effects. These pathogens can be lethal to humans
and other animals because many release endotoxins which can be introduced into the
water system during the sloughing of the biofilm (Rioufol e al., 1999). Therefore,
detachment of biohilms may involve the release of a whole array of micro-organisms,
including potential pathogens, adsorbing onto microbtal flocculents {flocs) and
surfaces. The pathogens that are released may include Entamoeba coli, Giardia
lamblia, Shigella spp., Salmonella spp. (Daly et al., 1998) and E. colj (Mackerness et al.,
1993),

Biofilms in water treatment systems consist mainly of bacteria; however, it is important
10 consider constituent eukaryotic organisms that may be harmful or influence
detachment. Microalgae form a major component in water exposed to light
{Christensen & Characklis, 1990), and in hard-water reservoirs and river systems, the
i light ang water chemistry-enable the biofilm to become calcitic, leading to substantial
- Corrosion of water pipes (Callow et al., 1995). Filamentous fungi are also important in
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water treatment plants and there is now an improved understanding of their ability to

form biofilms (Elvers et al., 1998; Roberts ¢! al., 1999a, b). Phycomycetes are found in
for corrosion and deterioration in that

water and are primarily responsible
e frequently found grazing on

1 environment. In addition, the unicellular protozoa ar
bacteria, algae and other particulate mater in trickling filters.

Methods of water treatment
The principal methods of water treatment include: the reverse 0smosis system, the

activated sludge method and the fluidized-bed system. The reverse osmosis system is
designed to decontaminate water by membrane separation of organic solutes (Altman
et al., 1999; Koyuncu ef al., 2000}, inorganic solutes (Buhrmann et al., 1999; Jaouen et
al., 1999; Padilla & Tavani, 1999) and bacteriophages (Governal & Gerba, 1999). The
effectiveness of this process is reduced by biofilm formation as the semi-permeable
membrane surfaces are particularly susceptible to colonization (Bremere etal., 1999).

The activated sludge method of water treatment uses a mixed microbial population in the
form of flocs. Suspended and colloidal material in waste water adhere and adsorb to the
flocs. The flocs are held together by extracellular polymeric substances produced by many
micro-organisms such as Zoogloea ramigera. The waste materials are then digested and
the sludge is separated from the water by sedimentation. Floc stability is determined by
the ionic strength of the medium and can be explained by the Derjaugin, Landau, Verwey
and Overbeck theory (Zita & Hermansson, 1994). When the ionic strength increases
above 0.1, floc stability decreases and flocs become detached (Zita & Hermansson,
1994). This theory has been demonstrated with Achromobacter sp. and Pseudomonas

Fig. 6.5

sp., where reversible adsorption was shown when cells were displaced by gentle rinsing of

fluid shear (Marshall ef al., 1971). In severe cases, increases in the ionic strength lead to o

heavy loss of micro-organisms (deflocculation) into the treated effluent. This in turn sitbstan

causes the release of toxic xenobiotic and nitrogenous compounds into the water supply advant.
and, do

Deflocculation or ‘wash-out” can also be caused by the presence of low Jevels of associa

dissolved oxygen, shock toxic loads, low pH, floc age and turbutence in waste watef such as

reactors. Many faboratory studics support the role of abiotic factors in determining the
extent of biofilm detachment. For example, when an A hydrophila biofilm was,
exposed to autrient-limiting conditions there was an increase in detachment rat4
(Sawyer & Hermanowicz, 1998), In addition, Melo & Vieira (1999) demonstrated thag
high liquid velocity and turbulent flow in waste water reactors induced detachment dU&

to the hydrodynamic forces.

The fluidized-bed system (Fig. 6) comprises a combination of both fixed and suspen
) bacterial cells where, through a constantly formed layer of extracellular polym¢i
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substances \

o , an up]wald flow of waste water can be effectively treated. This system has
advantages over the Hoc growth svs i of o5 can .
‘ § system as a very high density of biomass ¢ i
e | | _ : gh densin tomass can be formed
QSSO,C. t do Fi}le f; ee movement of particles, the system does not have the blockages

associated with the fixed- ‘oce tti : t (
ot v 1 the fixed-bed process. In addition, the use of solid support materials
an - I i 3
o , liarba’n, glass or anthracite particles, ranging in size from 0.2 to 3 mm
e < ' .
1980) ash-out” as encountered in the floc growth system (Cooper & Whee[don,
- Finally, the rate of biomass r | thr :
e e e emoval through the effluent stream never exceeds
et ich biomass accumulates, thus the flow rate is low, leading to minimal
en I i
through erosion. However, there is 2 small degree of biofilm d
o ‘ g 10film detachment as
quence of abrasive forces.

Biofi :
Igfrlm control in water systems
COIlt . C ' T . A ) o
trol of biofilms in industrial water distribution systems is very challetlging

“{Holt, 19 L : ' '
= 95).gs it is esse-ntlal‘to. optimize chemical or physical trearments-to gain

z
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ut compromising water quality. There are
tion by biofilms (biofouling) in
achment of the biofilm from its
diation are two such

complete depletion of the biofilm, witho
many strategies employed in treating contamina
industrial water processes; most of these involve the det
surface. Biocide regimes using chlorine dioxide and ultraviolet irra
methods that have proved successful in biofilm detachment and control in water
systems (Walker et al,, 1995). Shear force is another technique and involves the physical
removal of the biofilm from its surface under many conditions, including alterations in
fuid flow and changes in hydrodynamic conditions (Stoodley et al., 1999b). Such
erosive methods to combat and thus deform biofilms can also be achieved by many
including flushing, backwashing, sand scouring and the use of non-

other processes, ‘
Rittmann, 1989).

abrasive or abrasive sponge balls

¢ are many modes of biofilm detachment in the water

industry. The influence of factors such as the system used, nutrient limitations and
physical stresses all have a role in influencing detachment rates. 'This is of significance in
terms of both biofilm control and the potential hazardous implications that may arise.
Of the limited research conducted on biofilm detachmerit, most studies focus on
laboratory observations but there are a few studies of the natural detachment processes

In summary, it is evident that ther

in water systems.

CONCLUSION
'This chapter has highlighted the

in biofilms and indicated that this is, as yet, a re
However, through new experimental desigis and methodology, progress is being made

with establishing the mechanisms of bioflm detachment. Understanding detachment
mechanisms is crucial for controlling biofilms. In the water industry, this knowledge is
fundamental for the optimum performance of biofilm reactors to stabilize beneficial
erative to minimize biofilm formation and
detrimental biofilms. Studies have
Ived in detachment and

importance of understanding the detachment process
latively new but crucial area of research.

biofilms. In clinical situations, it is imp
d factors influencing the detachment of
h as quorum sensing are invo

lead to the production of nove

understan
shown that regulatory systems suc
further research in this area could

control.
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