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Introduction

Over the past decade, several strategies have been proposed for the control of surface-
associated microbial populations. Physical methods, including electrification,
ultrasonication, application of ablative laser light and mechanical cleaning or scraping
are generally effective at removing surface growth. Chemical control methods, on the
other hand, are often ineffective. This has led to a notorious association of biofilms
with resistance towards antibiotics, biocides and disinfectants. In such respects,
reaction-diffusion limitation of the passage of oxidizing biocides and antibiotics,
across biofilms aided by the presence of extraceltular enzymes often causes the failure
of such agents to sanitize contaminated surfaces. Deep-lying cells within biofilms are
often also severely nutrient- and oxygen-limited, causing the expression of starvation
phenotypes, which include multi-drug efflux pumps and enhanced exopolymer
synthesis. During exposure to antimicrobial agents, these slow growing organisms,
being exposed to sub-lethal levels of agent, will generally out-survive their less
nutrient-depleted congeners. This may well enrich the population for drug resistant
phenotypes and genotypes during the post-treatment phase.

Emerging biofilm treatment methadologies are based on our knowledge of biofilm
physiology and resistance mechanisms. For example, in an attempt to prevent early
colonization of surfaces and in order to overcome reaction-diffusion limitation,
treatment agents may be coated onto or incorporated into the substrate to be protected.
More sophisticated approaches have been developed, with varying success, that
deploy erodable, biocide-containing coatings. Erosion, in this instance being intended
to purge the surface of attached bacteria and celfular debris. At the vanguard of
emerging control strategies are surface-catalyzed hygiene and anti celi-cell signalling
chemicals.
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Abbreviations: EPS, extracellular polysaccharide: CDEF, constant depth film fermentor; CIP, clean in
place; SDS, sodium dodecyl sulphate,

Rivtechnology and Genetic Engineering Reviews - Vol, 17, Abgust 2000
0264-8725/06/17/267-279 $20.00 + $0.00 © Intercept Lid, P.O. Box 716, Andover. Hampshire P10 1YG, UK.

267



268 AJ. MCBAIN er al.

THE BIOFIEM LIFESTYLE

Bacteria may colonize almost any surface in an agueous or humid environment.
Microbial biofilm phenotypes have probably evolved as a general survival strategy.
Medical biofilms have been associated with a majority of chronic infection scenarios
(Costerton et al., 1987) and, being associated with fouling and corrosion of plant and
pipework, are a significant problem in many industrial settings (Characklis, 1990;
Little et al., 1990). In food processing, biofilms formed on food contact surfaces
coniribute substantially both to the contamination and spoilage of product (Holah er
al., 1994; Eginton et al., 1998). In all of these aspects, microbial biofilms exhibit a
broad spectrum of resistance to antimicrobials and may be 100-1,000 times less
susceptible than their free-living counterparts. Such resistance is demonstrated not
only towards antibiotics and antiseptics, but also towards highly reactive chemical
biocides. The latier include isothiazolones (Costerton and Lashen, 1984), halogens
and halogen-release agents (Favero ef al., 1983), and quaternary ammonium com-
pounds (Costerton and Lashen, 1984; Evans ef af., 1990).

Physiologically, biofilms are functional consortia of microbial cells enveloped
within matrices of extracellular polymers (glycocalyx) and the concentrated products
of their own metabolism. These include ions and nutrients sequestered from the
general environment, together with extracellular enzymes such as lyases, proteases,
and B-lactamases. In the majority of natural habitats, the consortia comprise a variety
of species and genera, whilst in biomedical situations, menocultures are more
COHHTION.

A plethora of phenotypes is represented for each component biofilm species, the
breadth of which reflects the extent of chemical and structural heterogeneity within
the film (Gilbert et al., 1990). The outcome of any antimicrobial treatment will,
therefore, reflect the susceptibility of the most resistant phenotype within the consor-
tium. As biofilms mature and exopolymer deposition increases, the magnitude of the
nutrient and gaseous gradients within them wilt become increased, and the net growth
rate of the community will become further reduced. This may possibly bring about the
onset of dormancy in the cells and trigger the expression of stringent response genes
{Zambrano and Kolter, 1995). The latter might, in turn, initiate escape mechanisms
whereby the production of polymer-lyase enzymes is increased and the biofilm
community is dispersed (Willcock ef al., 1997).

Current strategies for the control of microbial biofilms involve the design of
antimicrobial agents that are specifically targeted towards the biofilm-specific pheno-
type or which chemically degrade the glycocalyx, Such approaches have, to date, met
with limited success and the need to develop efficient, low cost, hygienic cleansing
systems remains as urgent as ever. To aid the search for novel antimicrobial targets, there
is a need not only to develop our knowledge of biofilm physiology, but also to examine
the various mechanisms associated with resistance development within biofilm
communities. In this article we evaluate emerging biofilm control strategies in the
context of cur current understanding of biofilm physiology and resistance mechanisms.

Why are bicfilms so resistant to antimicrobial agents?

Explanation of the generalized recalcitrance of microbial biofilms towards anti-
microbial agents centres on three distinct themes: (i) that the presence of an abundant
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extracellular matrix hinders the access of antimicrobial agent to the deeper lying cells;
(i1) that the close proximity of celis generates extreme nutrient limitation within the
community and the expression of dormant, recalcitrant phenotypes; and {iii} that the
cells within a biofilm alter their phenotype in response to the proximity of a surface
or other cells to one that is less affected by conventional biocides and antibjotics.
Whilst there is evidence in support of all three explanations, none of these can be the
sole mediator of resistance. More likely, the recalcitrance of biofilm communities
towards inimical treatments relates to a combination of all three.

ANTIMICROBIAL PENETRATION FAILURE

Electron microscopy shows that extracellular polysaccharide (EPS) forms a matiix in
biofilms that is comprised of an ordered array of fine fibres. These arrays provide a
relatively thick coating to the cells and are primarily composed of gelled, highly
hydrated, extracellular polysaccharides (Sutherland, 1997). Up-regulation of exira-
cellular polymer biosynthesis generally occurs within minates of the frreversible
attachment of a cell to a surface (Allison and Sutherland, 1987; Davies ef al., 1995).
Deposition of EPS within the developing microcolony then proceeds over a period of
hours. Such data suggest the existence of ‘touch-sensors’ in many bacterial species.
Recent work {(Davies et al., 1998} utilizing strains of pseudomonas that were deficient
in homoserine lactone-mediated quorum sensing suggested that up-regulation of EPS
synthesis in a bicofilm, and presumably on a surface, is mediated through chemicat
cell-cell signals. Mutant stzains produced biofilms that were devoid of EPS and co-
incidentally susceptible to dodecyl sulphate treatment.

With respect to biofilm resistance, EPS associated diffusion limitation has a
profound influence on the penetration of strongly charged antimicrobial agents (ie
tobramycin) or biocides (ie quaternary ammonium compounds) that bind strongly to
anienic groupings within the EPS matrix. In order to access deeply embedded cells,
cither ali of the binding sites within the matrix must be saturated or the affinity of cells
for that antimicrobial agent must exceed that of the agent for the matrix. This intuitive
explanation of biofilm resistance towards antimicrobials relates entirely to physical
exclusion of the agents and is unfikely to account for resistance towards uncharged
meolecules (Costerton ef al., 1987; Slack and Nichols, 1981: Suci er al., 1994). If,
however, the treatment agent is chemically highly reactive, then it may covalently
associate with the glycocalyx and be quenched. Such effects will be most pronounced
for the oxidizing biocides that include iodine and iodine-polyvinylpyrollidone
complexes (Favero ef al., 1983), chlorine and peroxygens {(Huang ef al., 1995). All of
these are notable for their lack of effect against thick, mature biofilms. Reaction-
diffusion limitation such as this might also be brought about for less reactive
molecules where inactivating enzymes, such as B-lactamases {Giwercman et al.,
1991), formaldehyde lyase or formaidehyde dehydrogenase (Sondossi er al., 1985),
within the glycocalyx bring about the neutralization of the treatment agent. In these
instances, enzyme degradation can lead to severe antibiotic penetration failure,
provided that turnover is sufficiently rapid, (Stewart, 1996). In this respect, it is
interesting that hydrolytic enzymes such as B-lactamases are induced, or de-repressed,
in adkerent populations, and in populations exposed to sub-lethal concentrations of
imipenem and/or piperacillin (Lambert ef al.. 1993; Giwercman ef af.. 1991). These
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enzymes become trapped and concentrated within the biofilm matrix and further
impede the action of susceptible antibiotics. Such effects would be additional to the
loss, through imreversible binding to the matrix, of highly charged drug molecules
such as the glycopeptides (Hoyle et al., 1992).

In all of these instances, long-term resistance of the population will occur only if the
bulk phase is depieted of antimicrobial. Whilst this might occur in single applications
of antimicrobial to a surface, or where the exposure is transient (ie in clean in place
(CIP)). 1t is unlikely to relate 1o antimicrobial therapy where the volume distribution
of the drug {ca. 40 L) vastly exceeds the sink-capacity of the infection site. In such
instances, the reaction lirnitation of access is likely only to delay the antibacterial
effect for the deeper lying cells.

SLOW GROWTH RATE AND BIOFILM RESISTANCE

A major contributor towards biofiln drug resistance is associated with physiological
gradients of growth rate and nutritional status within the biofilm. In much the same
way as reaction-diffusion limits the access of biocides across the glycocalyx, the
consumption of nufrients by the biofilm community will restrict their availability to
the underlying cells. Thus, within the depths of a biofilm, growth rates will generally
be suppressed relative to cells growing planktonically in the same medium or at the
surface of the film. In this respect, workers have used perfused biofilm fermentors
(Gilbert er al., 1989), in conjunction with continuous culture, to evaluate the separate
contributions towards resistance, of growth rate and the expression of biofilm-
specific phenotypes. Using such technigues, much of the resistance of both
Gram-positive and Gram-negative biofilm communities towards a wide vatiety of
antibiotics and biocides can be attributed to the existence of physiological gradients
of growth rate and the presence of a variety of nutrient-depleted phenotypes {recently
reviewed by Gilbert and Allison, 1999). The advent of laser confocal microscopy has
enabled the extent of these physiological gradients within biofilm communities to be
elegantly visualized (Stewart ef al., 1993). Whilst the contribution of reduced growth
rate within biofilm comumanities cannot be denied, as with diffusion-limitation it
cannot be the sole explanation of resistance. Cells on the periphery of the biofilm will
be exposed to similar nutrient fluxes as the planktonic cells. if growth rate were the
sole determinant of susceptibility, then these cells would be readily killed by the
application of a treatment agent. Co-incident with their death would be an increased
flux of natrients to the underlying cells. These cells would grow faster, adopt a more
susceptible phenotype and die. The bysed products of the killed cells would, in turn,
feed the cells within the depths of the biofilm. Whilst such processes might delay the
onset of killing in the recesses of the film, they could not confer resistance to a
sustained exposure to antimicrobial.

BIOFILM-SPECIFIC, RESISTANT PHENOTYPES

Not only can bacteria sense the proximity of a surface and up-regulate production of
extracellular polymers, they can also alter in their susceptibility towards antibiotics
(Ashhy er al., 1994) and biocides (Das er a!., 1998) shortly after binding to a surface
{indicated by a loss of Brownian motion), Such changes are relatively minor in their
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extent and are associated with only small changes in growth inhibitory concentration
(2—4-fold increase). As such, these changes are insufficient to account for the reported
levels of resistance in biofilm communities. The posstbility exists, however, that the
changes are mediated through the accumulation of signal substances, such as
hamoserine lactone, at the occluded surface (Davies ef al., 1998).

Antibiotic resistance in biofilms: phenotypic and genotypic selection

The explanations of biofilm recalcitrance discussed above are either insufficient in
the extent of resistance conferred or serve only to delay the effects of the treatment
agents to the underlying cells. In order to demonstrate resistance to sustained
exposure to antimicrobials, the biofilms must adapt their phenotype during the early
phases of treatment. This might involve the expression of multi-drug efflux pumps or
the selection and propagation of particular clones or species within the community. A
major consequence of the resistance of biofilms, however mediated, is that some cells
within the community will be exposed to the antimicrobial over a prolonged time
scale. During exposure to biocides and antibiotics, the selection pressures on the
community will shift from cells and cellular associations that are most competitive in
their handling and acquisition of the depleted nutrients to those that are least affected
by sub-inhibitory levels of the treatment agent. Such exposure might cause the
induction or enrichment of more tolerant phenotypes. The expression of multi-drug
resistance operons, (ie ar) and efflux pumps (ie AcrAB) are up-regulated during the
exposure of cells to sub-effective concentrations of antibiotics, such as tetracycline
and chloramphenicol, and to xenobiotics, such as salicylate, chlorinated phenols, ete.
(George and Levy, 1983; Levy, 1992; Ma ef al., 1993). Under such circumstances,
cells that are constitutive for the expression of such genes can be isolated at a relative
high frequency. Such selection pressures would occur within a treated biofilm during
the period when reaction-diffusion limitation and growth rate conferred a survival
advantage on the underlying cells. The induction, of mar or its equivalents, during the
delayed onset of the action of inducer-antibiotics is, therefore, a plausible explanation
of the long-term resistance of biofilms. The importance of mar would be far greater,
however, if it were induced by growth as a biofilm per se, and conferred a more
resistant phenotype upon the cells prior to exposure. Ciprofloxacin exposure does not
induce the expression of mar or AcrAB in Escherichia coli but such exXpression
confers a limited degree of protection against the agent. Exposure to ciprofloxacin of
biofilms comprised of wild-type, constitutive and mar-deleted strains ought to
evaluate whether or not such genes were up-regulated in unexposed biofilm
conmununities. Maira-Litran er al. (1998) perfused biofilms of such E. coli strains for
48 h with various concentrations of ciprofioxacin. Whilst these studies confirmed a
reduced susceptibility of biofilms of the mar constitutive strain, they also demon-
strated little difference between wild-type and mar-deleted strains. Similar
experiments, using biofitms constructed from strains in which the efflux pump
AcrAB was etther deleted or constitutively expressed (Maira-Litran, 1998; Maira-
Litran er al., 1999}, showed the AcrAB deletion did not significantly affect
susceptibility. Clearly, neither rar nor AcrAB are induced by sub-lethal treatment of
biofilms with anything other than the appropriate inducers. Further studies have
demonstrated that constitutive expression of AcrAB protects the biofilm against low
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concentrations of ciprofloxacin and that the expression of mar and its target genes is
inversely related to specific growth rate (Maira-Litran ef al., 1999). Hence, following
exposure of biofilms to sub-lethal levels of B-lactams, tetracyclines, salicylates or
other inducer substances, mar expression will be at its greatest within the depths of the
biofilm, where growth rates are most suppressed. This will provide an additional
survival advantage to these cells. Other mulii-drug eftlux pumps, under the regulation
of different inducing agents, might extend this explanation of biofilm tolerance 1o
include other treatment agents.

Strategies for the control and treatment of biofilms on surfaces

From the foregoing, it would appear that established biofilms are particularly
recalcitrant to chemical hygienic measures. Therefore, there has been considerable
interest in the development of strategies that may prevent the initial attachment
process and therefore arrest biofilm formation at an early stage. Since a major
contributor to the resistance of treated biofiim is an inability of agents to traverse the
exopolymer matrix in sufficient concentration as to affect the deeper-lying, slow-
growing cells, the majority of approaches to the control of biofilms has been to deliver
the agent from the colonized surface. Alternative approaches aim to prevent the
formation of the biofilm, either by modifyving those surfaces to be intrinsically
biocidal, or by the development of anti-signalling molecules that interfere with
induction of the biofilm phenotype.

BIGCIDE-IMPREGNATED SURFACES AND SURFACE COATINGS

Incorporation of biocides into various substrata has been attempted in the hope of
developing intrinsically colonization-resistant materials. In industrial applications,
such approaches have been associated with varying degrees of failure. Important
Himitations are that such approaches provide for a reservoir of biccide within the
surface material that will become depleted during its use, and that leaching of the
agent to the general environment might provide for a selection pressure towards
resistant bacteria. Furthermore, the surface killing effect may be overcome when
conditioning films coat the surface and when drug resistant or kiiled cells occlude the
surface and may themselves be colonized. Losses of biocide from such surfaces relate
to their solubility and effective concentration. Organo-silver complexes and silver
ions have therefore been variously investigated as anti-biofilm coatings since they are
highly active and possess very low water solubilities. In this respect, Rogers er al.
(1995) studied the efficacy of silver-coated surfaces to resist colonization by a
consortivm of organisms, which included Legionella pneumophila. Although the
biocide slowed down the initial colonization, it failed to prevent biofilm formation.
One explanation for this was that pioneering organisms, such as Methylobacterium
spp- and Pseudomonas spp., had formed a protective layer of cells on to which less
resistant species could establish. It seems likely that, in situations where there is a
constant challenge with microorganisms, simple biocidal surfaces are unlikely to
prove effective,

From a biomedical perspective, the performance of silver-coated urethral catheters
has also been disappointing. A large clinical trial of a silver-coated indwelling device
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(Riley et al., 1995) failed to demonstrate efficacy in preventing urinary tract infection,
and vascular catheters impregnated with silver sulphadiazine and chlorhexidine
completely lost their antibacterial activity after 10 days of use (Schmitt ef af., 1995).
The evidence that these catheters resist bacterial colonization is therefore suspect
(Stickler and Winters, 1994; Stickler, 1999). Such catheters are challenged with
microorganisms throughout their implantation. Indwelling medical devices, on the
other hand, are only at risk from micreorganisms during, and immediately after,
implantation. There will, therefore, only be a minimal opportunity for early colonizers
to deplete the antibacterials. Subsequent diffusion and loss of the agents will be
inconsequential. 1t is therefore conceivable that impregnation with the correct anti-
biotics may prove efficacious. Bayston (1995) impregnated silicone shunts with a
range of antibiotics, and investigated their ability to resist bacterial colonization in
vitro. The catheters were challenged with single doses of ca. 107 sensitive staphy-
lococei and coryneforms and were perfused with liquid culture medium for 14 days
before being examined for colonization. Whilst trimethoprim, clindamyecin,
spiromycin, and sodium fusidate-impregnated catheters did not resist colonization
over this time period, those treated with rifampicin or combinations of rifampicin
with either trimethoprim or clindamycin, did. These catheters were re-challenged and
by day 28, only those catheters that had been impregnated with clindamycin and
rifampicin in combination were able to resist colonization. These also went on to
resist colonization by a third challenge. Such a period of protection was suggested to
be sufficient to eliminate nosocomial infections associated with the implantation
{Stanton and Bayston, 1999).

Such approaches are unlikely to be appropriate for all but short-term use of
indwelling urinary catheters, where the likely contaminants wili be Gram-negative. In
this respect, other workers have reported that silicone catheters treated with
ciprofloxacin failed to resist colonization by sensitive strains of Proteus mirabilis, P.
acruginosa, Escherichia coli and Providencia stuartii over 48 h exposure periods
(Stickler er al., 1994). It secems likely that, in clinical situations, the efficacy of
surface-coated devices may be compromised by antibiotic-resistant bacteria, together
with the barrier effect of conditioning films that rapidly coat the biomaterials in vive
(Stickler, 1995).

BIOCIDE-CONTAINING ERODABLE SURFACE COATINGS

Since many of the atternpts to provide for colonization-tesistant surfaces through the
incorporation of leachable biocides within the materials that comprise or coat them
have failed because of the formation of protective conditioning films and cellular
debris, self-cleaning biocidal materials were an attractive proposition. One way of
achieving a self-cleaning surface is to make it ablate during exposure to fluid dynarmic
forces. Such ablation might not only remove residual attached cells, but it might also
release further biocide.

Cooksey et al. (1992} reported some success in preveniing biofouling of marine
surfaces using ablative, biocide-containing surface coatings where the biocide was
incorporated into a soluble matrix-coat and was released by dissolution into the
biofilm. The fluid dynamic forces on the surface to which the coat matrix was exposed
dictated the extent of biocide dissolution. Self-polishing polymers, such as organo-tin
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acrylates, will stowly hydrolyse in water at a rate that is independent of fluid dynamics
and, in doing so, will release the incorporated biocide at the rate of hydrolysis
(Holmstrom: and Kjelleberg, 1994).

A further patented (patent WO 97/05182; PCT/GB96/01617) development of
hydrolysis driven ablation provides for a novel biocide-containing coating material
where the release of the hydrophobic, quaternary hiocide is driven by the attachment
of bacterial cells. Release of the biocide exposes sites within the polymer matrix
which may then be hydrolysed, causing the depleted matrix to ablate. This was
intended not only to release the attached cellular debris, but also to expose new
biocide reservoirs within the coating. Ablation in this instance was therefore driven
indirectly by the attachment of bacteria. Suzanger ez al. (1999) studied a number of
these novel polymer coatings, containing various levels of three quaternary ammo-
nium biacides. These workers found that there was an initial rapid release of biocide
from the coatings over the first few days of submersion in water, Sadly, this related not
only to losses of poorly incorporated biocide and monomer, but also to much of the
bound material. This rapid loss was complete within ca. 5 days. It was concluded that,
although the technigue had much potential, more development work is necessary in
order to refine the release properties of the coating materials.

TURNING THE TABLES ON BIOFILMS: SURFACE CATALYZED HYGIENE

Wood er al. (1996) have developed an alternative approach to the delivery of active
biocide 1o the colonized surface whereby biocide is generated in-situ by catalysis
from a relatively innocuous treatment agent at the colonized surface. Importantly,
surface catalyzed hygiene, as it has been termed, effectively overcomes the reaction-
diffusion limitation imposed on oxidizing biocides by biofilm physiotogy. Since the
catalysts are not consumed during the generation of active agent, the addition of
further treatment agent to the exterior of the biofilm will replenish the biocidal action
at the substratum. Further, with peroxides and persulphates as the treatment agents,
the treatments resulted in a significant weakening of the attachment of the biofilm and
promoted its release from the surface.

One application of this strategy incorporates transition metal catalysts such as
cobalt phthalocyanine and copper phthalocyanine into the material that comprises the
target surface. Catalysts such as these break down peroxides and persulphates to
liberate active oxygen species. Susceptibility of P. aeruginosa biofilms towards
potassium monopersuiphate and hydrogen peroxide was enhanced significantly in all
cases where such catalysts were incorporated in a trylon resin coupon. In all instances,
catalyzed killing of biofilm bacteria occurred at Iower concentrations of treatment
agent than were required for killing planktonic bacteria. Cobalt sulphonated
phthalocyanine was more effective both as a catalyst for the decomposition of
peroxide and as a hygiene enhancer than was copper sulphonated phthalocyanine.
Significant improvements in delivered hygiene were apparent even with the relatively
thick biofilms (100 pm) (Wood et al., 1998). Improved hygiene occurred not only
through & concentration of active species at the biofilm-substratum interface but also
through the creation of a catalysis-driven diffusion pump. The latter increased the flux
of treatment agent across the biofilm and provided enhanced penetration and killing
throughout the depths of the biofilm, Provided that catalytic activity is maintained and
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fresh treatment agent is available, such an approach ought to continually provide
active biocide to the interactive surface between the biofilm and the substratum.
Importantly, this technique overcomes the problems of biocide depletion since the
catalyst is not depleted. It was noted that the formation of oxygen radicals at the
surface interface had a direct effect upon the visco-elastic properties of the exopolymer
matrix and actively facilitated its removal {Wood er al., 1998).

Suggested developments of this approach have been to utilize enzymes or enzyme
combinations rather than inorganic catalysts. For example, if enzyme combinations
such as glucose oxidase and haloperoxidase were coated onto tooth surfaces or upen
oral prostheses, then hygiene might be delivered by the body's own supply of
treatment agent in the form of glucose and chloride. Significant enhancements of this
form of oral hygiene might then be obtained by sucking a boiled sweet.

Conclusions

Microbial biofilms are simultaneously fascinating te the microbial physiologist, yet
troublesome to industry and medicine. Much of this fascination and concern relates to
their recalcitrance towards even the most aggressive antimicrobial treatments. Con-
siderable research effort has gone into the development of new strategies for prevention
and control of such biofilms in a wide variety of situations. Physical contro]l methods,
whilst effective, are frequently impracticable and consequently, antimicrobial agents,
preservatives and antibiotics have remained a primary treatment tool. Most anti-
microbial agents have however, been developed for their activity against fast-growing
planktonic cultures and are only poorly active against slow-growing sessile pheno-
types. Biofilms are especially drug resistant for a variety of reasons, each of which
have become targets for the development of novel treatment agents/strategies.

To date, there have been only limited developments that may specifically address
the problem of biofilm formation and control. Biocide-containing surfaces have
demonstrated some success in controlling the formation of biofilms in limied
situations. A necessary part of their effectiveness is however, that they release biocide
locally. Whilst this local concentration of biocide might protect the surface, it is only
short-lived and inevitably leads to the exposure of microorganisms remote from the
surface, or deep within the biofilm, to a continuous, sub-lethal level of agent. There
is currently much concern that such exposures may lead not only to losses in the
effectiveness of the incorporated agents, but also to indirect effects upon the activity
of third-party therapeutic agents (McMurry et al., 1998a; McMurry ef al., 1998b).
Whilst ablating, biocide-containing surfaces can to some extent, overcome the
problems asscciated with fouling of the substratum, they require further development
and will still suffer from associated problems of chronic biocide release at low levels
to the environment. Surface catalyzed hygiene, on the other hand, is particularly
promising since it enables relatively innocuous treatment agents to be deployed, and
does not challenge the environment with potential inducers of drug and biccide
resistance.

Another promising strategy is the use of anti-signalling chemicals to interfere with
biofilm quornm sensing mechanisms. Davies et al. (1998) showed that signalling
mutants of P. aeruginosa, deficient to varying extents in homoserine lactone, produced
biofilms that were deveoid of extracellular polymeric materials. In contrast to wild-
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type biofilms, these were sensitive to sodium dodecy] sulphate {SDS). This inferred
that homoserine lactones are involved not only in the adoption of attachment
phenotypes but that they are also involved in regulation of biofilm exopolymers,
Previously, Gram et al. (1996) had demonstrated the use of naturafly occurring anti-
signals to interfere with the normal swarming motility of Psendomonas mirabilis,
also regulated through homoserine lactone. This discovery of anti-quorum-sensing
chemicals such as the furanones (de Nys er al., 1995; Givskov et al., 1996) heralds the
possibility of preventing adoption by bacteria of the biofilm phenotype, thereby
preventing resistance expression, regardless of its cause. Such bacteria ought then to
succumb to old-established antibiotics and biocides.

References

ALLISON, D.G. AND SUTHERLAND, LW, (1987). The role of exopolysaccharides in adhesion of
freshwater bacteria. Jowrnal of General Microbiology 133, 1319-1327.

ASHBY, ML, NEALE, L.E, KNOTT, §.J. AND CRITCHLEY, LA. ( 1994). Effect of antibiotics on
non-growing cells and biofilms of £ coli. Journal of Amtimicrobial Chemotherapy 33,
443-452.

BaysTon, R. (1995). A process for prevention of device related infection: results of challenge
i vitro and duration of antimicrobial activity, In: The Life and Death of Biofthn. Eds. J.
Wimpenny, P. Handley, P. Gilbert and H. Lappin-Scott, pp 149-152. Cardiff: Bioline.

CHARACKLIS, W.G. (1950). Microbial fouling. In: Biofilms, Eds. W.G. Characklis and K.C.
Marshall, pp 523-384. New York: Wiley,

COOKSEY, K.E. AND WIGGLESWORTH-COOKSEY, B. (1992}, The design of antifouling surfaces.
In: Biofilms ~ Science and Technology. Eds, L.F. Melo, T.F. Bott, M. Fletcher and B.
Capdeville, pp 529--549. Dordrecht: Kluwer Academic Publishers,

COSTERTON, JLW. AND LASHEN, E.S. {1984). Influence of biofilm on the efficacy of biocides
on corrosion-causing bucteria. Materials Performance 23, 34-37.

COSTERTON, I.W., CHENG, K.J., GEESEY, G.G., LADD, T.1., NICKEL, J.C. AND DASGUPTA, M.
(1987). Bacterial biofilms in nature and disease. Annual Review of Microbiclogy 41, 435—
464.

Das, J.R., BHAKOO, M., JONES, M. V. AND GILBERT, P. (1998}, Changes in biocide susceptibility
of Staphyiococcus epidermidis and Escherichia coli cells associated with rapid attachment
to plastic surfaces. Journal of Applied Microbiology 84, 852-859.

Davies, D.G., CHAKRABARTY, A.M., GEESEY, G.G. {1995). Regulation of the alginate
biosynthesis gene algC in Psendomonas aeruginosa during biofilm development in
continuous culture, Applied and Environmental Microbiology 61, 860-867.

Daviis, D.G., PARSEK, M.R., PEARSON, I.P., IGLEWSKI, B.H., COSTERTON, J.W. AND
GREENBERG, E.P. (1998). The involvement of cell-to-cell signals in the development of a
bacterial biofilm. Science 280, 295-298.

DENYS, R., STEINBERG, P.D., WILLEMSEN, P., DWARIANYN, S.A., GABELISH, C.L. AND KiNG,
R.J. (1995). Broad spectrum effects of secondary metabolites from the red aiga Delisea
pulchra in antifouling assays. Biofouding 8, 259271,

EGINTON, P.J., HOLAH, ., ALLISON, D.Gi., HANDLEY, P.S. AND GILBERT, P. (1998). Changes
in the strength of attaclient of microorganisms to surfaces following treatment with
disinfectants and cleansing agents. Letrers in Applied Microbiclogy 27, 101-106.

Evans, D.J., BROwN, MR W, ALLISON, D.G. AND GILBERT, P. {1990). Growth rate and
resistance of Gram-negazive biofilms towards Cetrimide USP. Journal af Antimicrobial
Chemotherapy 26, 473-478.

Favero, MLS., BoND, W.W., PETERSON, N.J. anD Coox, E.H. (1983). Scanning electron
microscopic observations of bacteria resistant to iodophor solutions. In: Proceedin g8 of the
International Symposium on Povidone, pp 158-166. Lexington, U.S.A.: University of
Kentucky.



Chemical treatment of microbial biofilins 277

GEORGE, A.M. AND LEvVY, S.B. (1983). Amplifiable resistance to tetracycline, chloram-
phenicol, and otherantibictics in Escherichia coli: involvement of anon-plasmid-determined
efflux of tetracycline. Journal of Bacteriolegy 155, 531540,

GILBERT, P. AND ALLISON, D.G. {1999). Resistance of biofilms to antimicrobial agents. In:
Dental Plaque Revisited, Oral biofilms in nature and disease. Eds. M. Wilson and H.
Newman. London: London University Press.

GILBERT, P., ALuison, D.G., Evans, D.J., HANDLEY, P.S. AND BROWN, M.R.W. {1989).
Growth rate control of adherent bacterial populations. Applied and Environmenial Micro-
biology 55, 1308-1311.

GILBERT, P., COLLIER, P.J. aAND BrROWN, M.R.W. (1990). Influence of growth rate on
susceptibility to antimicrobial agents: biofilms, cell cycle and dormancy. Antimicrobial
Agents and Chemotherapy 34, 1865-1868.

GIVSKOV, M., DE NYS, R., MANERELD, M., GRAM, L.. MAXIMILIEN, R., EBERL, L., MOLIN, S.,
STEINBERG, P. AND K3ELLEBERG, S. (1996). Eukaryotic interference with homoserine
lactone-mediated prokaryotic signatling. Journal of Bacteriology 178, 6618-6622.

GIWERCMAN, B., JENSEN, ET., HOIBY, N, KHARAZMI, A. AND COSTERTON, LW. (19%91),
Induction of f-lactamase production in Pseudomonas aeruginosa biofilms. Amtimicrobial
Agents and Chemotherapy 35, 1008-1010.

GraM, L., DE NYs, R., MAXIMILIEN, R., GiSKOV, S., STEINBERG, P. AND KJELLENERG, S.
(1996). Inhibitory effects of secondary metabolites from the red alga Delisia pulchra on
swanning motility of Protews mirabifis. Applied and Environmental Microbiology 62,
4284-4287.

HoLal, 1.T., BLOOMFIELD, $.F., WALKER, A.J, AND SPENCELEY, H. (1994}. Control of biofiims
in the food industry. In: Bacterial Biofilms and their Control in Medicine and Industry. Eds.
LT. Wimpenny, W.W. Nichols, D. Stickler and H. Lappin-Scott, pp 163-168. Cardiff:
Bioline.

HOLMSTROM, C. AND KJELLEBERG, S. (1994). The effect of external biological factors on
settlement of marine invertebrate and new antifouling technology. Biofouling 8, 147-160.

HOYLE, B.D., WONG, C.K. AND COSTERTON, J.W. (1992). Disparate efficacy of tobramycin on
Ca(2+)-, Mg(2+)-, and HEPES-treated Pseudomonas aeruginosa biofilms. Canadian
Journal of Microbiology 38, 1214-1218.

HuaNG, C.T., Yy, F.P., MCFETERS, G.A. AND STEWART, P.S. (1995). Non-uniform spatial
patterns of respiratory activity within biofilms during disinfection. Applied and Environ-
mental Microbiology 61, 2252-2256.

LAMBERT, P.A., GIWERCMAN, B. AND HoOIBY, N. (1993). Chemotherapy of Psendomonas
aeruginosa in cystic fibrosis. In: Bacrerial Biofilins and their Control in Medicine and
Industry. Eds. J. Wimpenny, W. Nichols, D. Stickler and H. Lappin-Scott, pp 151-153.
Cardiff: Bioline.

LEvy, $.B. (1992). Active efflux mechanisms for antimicrobial resistance. Antimicrobial
Agents and Chemotherapy 36, 695-703,

LITTLE, B.J, WAGNER, P.A., CHARACKLIS, W.G. anD LEE, W. (1990). Microbial corrosion. In:
Biafilms. Eds. W.G. Characklis and K.C. Marshali, pp 635-670. New York: Wiley.
Ma, D., Cook, D.N., ALBERTI, M., PONG. N.G.. NIKAIDO, H. AND HEARST, LE. (1993).
Molecular cloning and characterization of AcrAB and acrE genes of Escherichia coli.

Journal of Bacteriology 175, 6299-6313.

MAIRA-LITRAN, T., LEVY, $.B., ALLISON, D.G. AND GILBERT, P. (1998). Influence of growth
environment and biofilm formation on the expression of mar in Excherichia coli (abstract).
98th General Meeting of the American Society for Microbiology, May 17-21, 1998,
Washington, DC: ASM Press.

MaIRA-LITRAN, T. (1998). An investigation into the potential of the mar operon to moderate the
antibiotic resistance of biofitms. Ph.D. Thesis. Manchester, U.K.: School of Pharmacy and
Pharmaceutical Sciences, University of Manchester.

MamRA-LITRAN, T., ALLISON, D.G. AND GILBERT, P. (1999). Expression of the multiple
resistance operon (mar) during growth of Escherichia coli as a biofilm. Journal of Applied
Microbiology 88, 243-247.

MCMURRAY. L.M., OETHINGER, M. AND LEVY, S.B. (1998a). Overexpression of marA, soxS,



278 AJ. MCBAIN ¢f al.

or acrAB produces resistance to triclosan in laboratory and clinical strains of Escherichia
coli. FEMS Microbiology Lerters 166, 305-309.

MCMURRAY, L.M., OBTHINGER, M. AND LEVY, $.B. (1998b). Triclosan targets lipid synthesis.
Nature 394, 531-532,

RiLey, DLK., CLASSEN, D.C., STEVENS, LE. aND BURKE, J.P. (1995). A large randomised
ctinical trial of a silver-impregnated urinary catheter: lack of efficacy and staphylococcal
superinfection. American Journal of Medicine 98, 349-336.

ROGERS, J., DOWSETT, J.B. AND KEEVIL, C.W. (1995). A paint incorporating silver 1o control
mixed biofilms containing Legionella prewmophila. Jowrnal of Industrial Microbiology
15, 377-383.

SCHMITT, S.K., KNAPP, C., HALL, G.S., LONGWORTH, D.L., MCMAHON, J.T. AND WASHING-
TON, J.A. (1995). Impact of chlorhexidine-silver sulfadiazine-impregnated central venous
catheters on in vitre quantitation of catheter-associated bacteria. Jowrnal of Clinical
Microbiology 34, 508-511.

SLACK, M.P.E. AND NICHOLS, W.W, (1981). The penetration of antibiotics through sodium
alginate and through the exopolysaccharide of a nucoid strain of Pseudomonas aeruginosa.
Lancer 11, 502503,

SONDOSSI, M., ROSSMORE, HW. AND WIREMAN, J.W. (1985). Observation of resistance and
cross-resistance to formaldehyde and a formaldeyde condensate biocide in Psendomonas
aeruginosa. International Biodeterioration 21, 105-106,

STANTON, C. AND BAYSTON, R. (1999}, Use of ‘antimicrobial’ polymers to prevent device-
related infections In: Bigfilms: the good, the bad and the ugly. Eds. J. Wimpenny, P. Gilbert,
J. Walker, M, Brading and R. Bayston, pp 53-63. Cardiff: Bioline.

STEWART, P.S. (1996). Theoretical aspects of antibiotic diffusion into microbial biofifms.
Antimicrobial Agents and Chemotherapy 40, 2517-2522.

STEWART, P.S., PEYTON, B.M., DRURY, W.J. AND MURGA, R. (1993), Quantitative observ-
ations of heterogeneities in Psewdomonas aeruginosa biofilms. Applied and Environmental
Microbiology 59, 327-329,

STICKLER, D. (1995). The encrustation of urethral catheters, In: The life and death of biofilm,
Eds. I. Wimpenay, P. Handley, P. Gilbert and H. Lappin-Scott, pp 119-125. Cardiff:
Bioline.

STICKLER, DM (1999). Chemical and physical methods of biofilm control. In: Biofilms: the
good, the bad and the ugly. Bds J. Wimpenny, P. Gilbert, J. Watker, M. Brading and R.
Bayston, pp 53-63. Cardiff: Bioline.

STICKLER, D.J. AND WINTERS, C. (1994), Biofilms and urethral catheters. In: Bacterial Biofilms
and their Control in Medicine and Industry. Eds. J. Wimpenny, W. Nichols, D. Stickler and
H. Lappin-Scott, pp 97-104. Cardiff: Bioline.

STICKLER, D.J., HOWE, N. AND WINTERS, C. {1994), Bacterial biofiim growth on ciprofloxacin
treated urethrat catheters. Cells and Materials 4, 387-398.

SuchPA, MITTELMAN, MW, YU, F.U. AND GEESEY, G.G. (1994). Investigation of ciprofloxacin
penetration inte Pseudomonas aeruginosa biofilms. Amtimicrobial Agents and Chemo-
therapy 38, 2125-2133.

SUTHERLAND, LW. (1997). Microbial biotilm exopolysaccharides ~ superglues or velero? In:
Biofilms: Community Intevactions and Control. Eds. J. Wimpenny, P. Handley, P. Gilbert,
H. Lappin-Scott and M. Jones, pp 33-39. Cardiff: Bioline.

SUZANGER, S., ALLISON, D., EASTWOOD, 1. AND GiLBERT, P. (1999). An evaluation of the
colonisation-resistance of erodable, biocide-containing coatings, In: Biofibus: the good,
the bad and the ugly. Eds. J. Wimpenay, P. Gitbert, J. Walker, M. Brading and R. Bayston,
pp 33-63. Cardiff: Bioline.

WILLCOCK, L., ALLISON, D.G., HOLAH, J. AND GILBERT, P. (1997). Population dynamics in
steady-state biofilms: effects of growth environment vpondispersal. In: Biofiins: communiry
interactions and control. Eds I. Wimpenny, P.S. Handley, P. Gilbert, H. Lappin-Scott and
M. Jones, pp 23-32. Cardiff: Biolire.

WooD, P., JONES, M., BHAKOO, M. AND GILBERT, P. (1996). A nove! strategy for control of
microbial biofilms through generation of biocide at the biofilm-surface interface. Applied
and Envirenmental Microbiology 62, 2598-2602.



Chemical freatment of microbial biofilms 279

Woon, P., CALDWELL, D.E., EvaNs, E.. JOoNES, M., KORBER, D.R., WOLFHAARDT, G.M,,
WILSON, M. AND GILBERT, P. (1998). Surface-catalysed disinfection of thick Pseudomonas
aeruginosa biofilms. Journal of Applied Microbiology 84, 1092-1098,

ZAMBRANO, M.M. AND KOLTER, R. (1995). Changes in bacterial cell properties on going from
exponential growth to stationary phase. In: Microbial Quality Assurance: A Guide
Towards Relevance and Reproducibiliry. Eds. M.R.W. Brown and P. Gilbert, pp 21-30.
Boca Raton, U.S5.A.: CRC Press.






