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INTRODUCTION

Biofilms have been described in many systems since Van
Leeuwenhoek examined the “animalcules” in the plaque on his
own teeth in the seventeenth century, but the general theory of
biofilm predominance was not promulgated until 1978 (37).
This theory states that the majority of bacteria grow in matrix-

enclosed biofilms adherent to surfaces in all nutrient-sufficient
aquatic ecosystems and that these sessile bacterial cells differ
profoundly from their planktonic (floating) counterparts (37).
The data on which this theory is predicated came mostly from
natural aquatic ecosystems, in which direct microscopic obser-
vations and direct quantitative recovery techniques showed
unequivocally that more than 99.9% of the bacteria grow in
biofilms on a wide variety of surfaces. This predominance of
biofilms was established in all natural ecosystems except deep
groundwater and abyssal oceans, and we now realize that these
sessile populations account for most physiological processes in
these ecosystems (40).

* Corresponding author. Mailing address: Biofilm Laboratory, Epi-
demiology and Laboratory Branch, Centers for Disease Control and
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Because bacterial biofilms cause very serious problems in in-
dustrial water systems, the people who manage these systems
have been the first to develop methods to sample sessile bacteria
and develop strategies to control their costly depredations. Bio-
film samplers, which are fitted into the walls of industrial pipes
and vessels, are now widely used in industrial systems, and the
biocides used to protect industrial installations are routinely
tested for their efficacy in killing sessile bacteria.

This consensus that bacteria grow preferentially in matrix-
enclosed biofilms in natural and industrial systems was not
immediately accepted in the medical and dental areas in spite
of the universal acceptance of dental plaque as a type of bio-
film. However, new methods for the direct examination of
biofilms soon showed that the organisms that cause many de-
vice-related and other chronic infections actually grow in bio-
films in or on these devices (39). Gradually, important intel-
lectual syntheses began to be made.

Once we concede that bacteria lack a complex nervous sys-
tem that could enable them to determine their location vis-
à-vis the animal body, we deduce that they have certain basic
survival strategies that they employ wherever they are. In nat-
ural and industrial systems, they form biofilms, within which
they are protected from antibacterial chemicals (including nat-
ural antibiotics), environmental bacteriophages, and phago-
cytic amoebae. For these reasons, it should come as no surprise
that chronic biofilm infections resist antibiotic therapy and are
phenomenally resistant to host clearance mechanisms such as
antibodies and phagocytes.

For many centuries humans have suffered from acute bac-
terial infections (e.g., plague), in which planktonic cells of
specialized pathogens mounted life-threatening attacks on our
bodies. We have countered with vaccines and antibiotics, and
these acute diseases are now largely under some measure of
control. However, organisms that have been successful for
millions of years in the environment (e.g., Pseudomonas and
Legionella spp.) are now mounting successful attacks on our
health care facilities. Obviously, they make full use of the
biofilm strategy that has protected them so well in their native
habitats. Compromised individuals, who might not have sur-
vived in earlier times, are especially susceptible to this new
cohort of “environmental” pathogens that have invaded our
homes and schools just as they have invaded our hospitals.

BIOFILMS DEFINED

Our definition of biofilm has evolved over the last 25 years.
Marshall in 1976 (129) noted the involvement of “very fine
extracellular polymer fibrils” that anchored bacteria to sur-
faces. Costerton et al. (37) observed that communities of at-
tached bacteria in aquatic systems were found to be encased in
a “glycocalyx” matrix that was found to be polysaccharide in
nature, and this matrix material was shown to mediate adhe-
sion. Costerton et al., in 1987 (41), stated that biofilm consists
of single cells and microcolonies, all embedded in a highly
hydrated, predominantly anionic exopolymer matrix. Chara-
cklis and Marshall in 1990 (28) went on to describe other
defining aspects of biofilms, such as the characteristics of spa-
tial and temporal heterogeneity and involvement of inorganic
or abiotic substances held together in the biofilm matrix.

Costerton et al., in 1995 (40), emphasized that biofilms could

adhere to surfaces and interfaces and to each other, including in
the definition microbial aggregates and floccules and adherent
populations within pore spaces of porous media. Costerton and
Lappin-Scott (38) at the same time stated that adhesion triggered
expression of genes controlling production of bacterial compo-
nents necessary for adhesion and biofilm formation, emphasizing
that the process of biofilm formation was regulated by specific
genes transcribed during initial cell attachment. For example, in
studies of Pseudomonas aeruginosa, Davies and Geesey (47) have
shown that the gene (algC) controlling phosphomannomutase,
involved in alginate (exopolysaccharide) synthesis, is upregulated
within minutes of adhesion to a solid surface. Recent studies have
shown that algD, algU, rpoS, and the genes controlling polypho-
sphokinase synthesis are all upregulated in biofilm formation and
that as many as 45 genes differ in expression between sessile cells
and their planktonic counterparts (E. Pulcini, J. Costerton, and K.
Sauer, personal communication).

A new definition for biofilm must therefore take into con-
sideration not only readily observable characteristics, i.e., cells
irreversibly attached to a surface or interface, embedded in a
matrix of extracellular polymeric substances which these cells
have produced, and including the noncellular or abiotic com-
ponents, but also other physiological attributes of these organ-
isms, including such characteristics as altered growth rate and
the fact that biofilm organisms transcribe genes that planktonic
organisms do not.

The new definition of a biofilm is a microbially derived
sessile community characterized by cells that are irreversibly
attached to a substratum or interface or to each other, are
embedded in a matrix of extracellular polymeric substances
that they have produced, and exhibit an altered phenotype with
respect to growth rate and gene transcription. This definition
will be useful, because some bacterial populations that fulfilled
the earlier criteria of a biofilm, which involved matrix forma-
tion and growth at a surface, did not actually assume the
biofilm phenotype. These “nonbiofilm” populations, which in-
clude colonies of bacteria growing on the surface of agar,
behave like planktonic cells “stranded” on a surface and ex-
hibit none of the inherent resistance characteristics of true
biofilms. We can now speak of biofilm cells within matrix-
enclosed fragments that have broken off from a biofilm on a
colonized medical device and now circulate in body fluids with
all the resistance characteristics of the parent community.

HOW MICROORGANISMS FORM BIOFILMS

Now that we concede that bacteria form biofilms in essen-
tially the same manner in whatever ecosystem they inhabit, it is
important that we take full advantage of the elegant studies of
this process that fill the environmental and industrial microbi-
ology literature. The scientific and engineering community has
already examined biofilm formation in some detail and has
published a couple of books (30, 113) on this subject. Many
aspects of biofilm formation are counterintuitive, and it may be
useful to summarize these issues, so that the medical commu-
nity does not repeat this work.

Perhaps the first surprise, for the medical community, is that
bacteria form biofilms preferentially in very high shear environ-
ments (i.e., rapidly flowing milieus). Planktonic bacteria can ad-
here to surfaces and initiate biofilm formation in the presence of
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shear forces that dwarf those of heart valves and exceed Reynolds
numbers of 5,000 (30). The Reynolds number is a dimensionless
number describing the turbulent flow of a liquid; if this number is
high, turbulent flow exists; if it is low, laminar flow conditions
prevail. Engineers speculate that turbulent flow enhances bacte-
rial adhesion and biofilm formation by impinging the planktonic
cells on the surface, but whatever the mechanism, biofilms form
preferentially at high-shear locations in natural and industrial
systems.

Studies of bacterial adhesion with laboratory strains of bac-
teria, many of which had been transferred thousands of times
and lost their ability to adhere, first indicated that very smooth
surfaces might escape bacterial colonization. Subsequent stud-
ies with “wild” and fully adherent bacterial strains showed that
smooth surfaces are colonized as easily as rough surfaces and
that the physical characteristics of a surface influence bacterial
adhesion to only a minor extent (40). Once a biofilm has
formed and the exopolysaccharide matrix has been secreted by
the sessile cells, the resultant structure is highly viscoelastic
and behaves in a rubbery manner (197). When biofilms are
formed in low-shear environments, they have a low tensile
strength and break easily, but biofilms formed at high shear are
remarkably strong and resistant to mechanical breakage.

BIOFILM EXAMINATION AND MEASUREMENT

Our understanding of biofilms has developed as the methods
for biofilm examination and characterization have evolved. Much
of the early investigative work on biofilms relied heavily on the
scanning electron microscope. This technique utilizes graded sol-
vents (alcohol, acetone, and xylene) to gradually dehydrate the
specimen prior to examination, since water of hydration is not
compatible with the vacuum used with the electron beam. This
dehydration process results in significant sample distortion and
artifacts; the extracellular polymeric substances, which are ap-
proximately 95% water (28), will appear more as fibers than as a
thick gelatinous matrix surrounding the cells.

The use of transmission electron microscopy and specific poly-
saccharide stains like ruthenium red allowed researchers both to
identify the nature of these extracellular fibers in biofilms and to
better elucidate their association with the cells. Electron micros-
copy has been used for the examination and characterization of
biofilms on medical devices (160, 187) and in human infections
(66, 147). Because of its excellent resolution properties, the elec-
tron microscope will, in spite of its limitations, continue to be an
important tool for the biofilm scientist. Figure 1 shows a typical
scanning electron microscope image of a biofilm.

FIG. 1. Scanning electron micrograph of a biofilm on a metal surface from an industrial water system.
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The development of the confocal laser scanning microscope
(CLSM) in the 1980s provided researchers with the ability to
examine biofilms in situ without the limitations encountered
with the scanning electron microscope, albeit at lower magni-
fications. The trade-off in resolution was more than offset by
the ability to examine the biofilm matrix unaltered and intact.

The use of both CLSM and epifluorescence microscopy re-
quires that the organisms in the biofilms be stained with fluores-
cent stains. These stains are designed to emit light at specific
wavelengths and can be used to probe specific cellular functions.
For example, nucleic acid stains such as DAPI (4�,6�-diamidino-
2-phenylindole), acridine orange, and Syto 9 will stain the DNA
and RNA of all cells regardless of their viability. Other stains have
been developed for probing cell viability. Propidium iodide is
taken up only by cells with damaged cytoplasmic membranes, and
5-cyano-2,3-ditolyl tetrazolium chloride is taken up and reduced
to 5-cyano-2,3-ditolyl tetrazolium chloride-formazan only by cells
that have a functioning cytochrome system. Using a suite of such
stains allows the biofilm researcher to quantify all the cells and
determine which ones are viable.

Fluorescent antisera and fluorescent in situ hybridization
probes may enable us to identify specific organisms within a
mixed biofilm community. Green fluorescent protein, a consti-
tutively produced, plasmid-mediated molecule, can allow bio-
films to be examined noninvasively, without fixation or staining
(18). A confocal laser scanning microscopic image of a biofilm
is shown in Fig. 2.

In more common use are techniques that rely on removal of
the biofilms or biofilm-associated organisms from the substra-
tum by some type of mechanical force, such as vortexing or
sonication, prior to examination and measurement. The most
commonly used procedure for measurement of biofilms is the
viable plate count procedure, in which the resuspended and
dispersed biofilm cells are plated onto a solid microbiological
medium, incubated, and counted.

Table 1 lists several of the methods that have been used by
clinical microbiologists for the recovery and measurement of clin-
ically relevant biofilms on indwelling medical devices. For most of
these techniques, a determination of the recovery efficiency of the
method (i.e., the percentage of cells that are actually recovered
from the biofilm) is needed. Methods that allow a determination
of biofilm cell count in the implanted device without necessitating
device removal, such as the endoluminal brush technique, could
provide a distinct advantage for the clinical practitioner, poten-
tially alleviating the need for device removal when the device is
found not to contain intraluminal biofilms. These methods all rely
on the quantification of biofilm cells as a measurement of total
biofilm accumulation. Other methods have been used by biofilm
researchers for measuring biofilms, including total protein (139),
absorbance at either 550 nm (88) or 950 nm (201), tryptophan
fluorescence (4), endotoxin (164), and total ATP (R. W. Walter
and L. M. Cooke, paper no. 410, presented at the National As-
sociation of Corrosion Engineers Annual Conference, 1997). Any
of these methods could be investigated for the measurement of
clinically relevant biofilms.

It should be obvious to the reader at this point that any method
that sets out to estimate the efficacy of a treatment against bio-
films should use biofilms and not planktonic cells to do so. Stan-
dard NCCLS broth microdilution methods for susceptibility test-
ing cannot accurately estimate antimicrobial efficacy against

biofilms, because these techniques are based on the exposure of
planktonic organisms to the antimicrobial agent. However, a
number of apparatuses have been developed for this purpose, as
shown in Table 2. All of the model systems presented have been
shown to provide useful information on biofilm processes, and
several of these systems have been used to determine the efficacy
of various antimicrobial agents against biofilm-associated organ-
isms. Key parameters that may affect the rate and extent of bio-
film formation in a model system, and which therefore should be
considered in model system design, are given in Table 3.

BIOFILM ULTRASTRUCTURE

Biofilms were perceived as unstructured accretions of bacterial
cells, surrounded by the cells’ exopolysaccharide matrices, for the
first decade (1978 to 1990) following the discovery of the impor-
tance and ubiquity of biofilms. These perceptions were based on
flawed techniques for direct observation, in that electron micros-
copy required complete dehydration of the highly hydrated bio-
film matrices and in that light microscopy was badly distorted by
out-of-focus effects. CLSM was invented in the 1950s, but it was
never used to study bacteria because the whole field was fixated
on the planktonic phenotype. CLSM produces optical slices of
complex structures, so that out-of-focus effects are removed, and
it requires no sample preparation, so that living organisms can be
observed if fluorescence can be introduced in order to visualize
the cells. The first examination of living biofilms using CLSM
produced a whole series of revelations that are the basis of cur-
rent biofilm concepts.

Foremost has been the observation that developed biofilms
are not structurally homogeneous monolayers of microbial
cells on a surface. Rather, they can be described as heteroge-
neous in both time and space (116). The basic building block or
structural unit of the biofilm is the microcolony, and an eluci-
dation of basic biofilm processes, such as quorum sensing,
antimicrobial resistance, and detachment, may hinge on an
understanding of the physiological interactions of microcolo-
nies within a developed biofilm.

Figure 3 shows a mixed-species biofilm grown on a metal
surface in a laboratory potable-water reactor system. Note
both the heterogeneous nature and the presence of individual
microcolonies within this biofilm. Living, fully hydrated bio-
films are composed of cells (�15% by volume) and of matrix
material (�85% by volume), and the cells are located in ma-
trix-enclosed “towers” and “mushrooms” (Fig. 4). Open water
channels are interspersed between the microcolonies that con-
tain the sessile cells (115), and physical techniques have shown
that the bulk water of these systems enters these channels to
produce convective flow (50).

With CLSM, direct observations of living biofilms, ranging
from single-species laboratory biofilms to complex multispecies
communities growing in natural ecosystems, have shown that this
basic community structure is universal, with some minor varia-
tions. It is difficult to illustrate the dynamic dimensions that are
very important in biofilms by using printed work and two-dimen-
sional figures, but we can use the image of a forest of rubbery
towers, each of which is attached to the colonized surface. The
direct examination of biofilms in high-shear environments (197)
has shown that each microcolony is deformed by these forces, to
form a tadpole shape that oscillates in the bulk fluid.
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The structural characteristic of biofilms that has the greatest
impact on the outcome of chronic bacterial infections, such as
native valve endocarditis, is the tendency of individual micro-
colonies to break off and/or detach when their tensile strength
is exceeded. This detachment of preformed microcolonies con-
taining sessile cells in the antibiotic-resistant biofilm pheno-
type poses a very serious risk of infective emboli in the first
capillary bed that is encountered. This shedding of microcolo-
nies from preformed biofilms on heart valves can lead to stroke
or to severe pulmonary sequelae, and its consequences are well
recognized by the clinical community.

RESISTANCE TO ANTIMICROBIAL AGENTS

The nature of biofilm structure and the physiological at-
tributes of biofilm organisms confer an inherent resistance to
antimicrobial agents, whether these antimicrobial agents are
antibiotics, disinfectants, or germicides. Table 4 shows the dra-
matic differences in susceptibility of planktonic and biofilm
organisms to antimicrobial agents. Mechanisms responsible for

resistance may be one or more of the following: (i) delayed
penetration of the antimicrobial agent through the biofilm
matrix, (ii) altered growth rate of biofilm organisms, and (iii)
other physiological changes due to the biofilm mode of growth.

Delayed Penetration of the Antimicrobial Agent

Antimicrobial molecules must diffuse through the biofilm ma-
trix in order to inactivate the encased cells. The extracellular
polymeric substances constituting this matrix present a diffusional
barrier for these molecules by influencing either the rate of trans-
port of the molecule to the biofilm interior or the reaction of the
antimicrobial material with the matrix material. Suci et al. (198)
demonstrated a delayed penetration of ciprofloxacin into Pseudo-
monas aeruginosa biofilms; what normally required 40 s for a
sterile surface required 21 min for a biofilm-containing surface.
Hoyle et al. (83) found that dispersed bacterial cells were 15 times
more susceptible to tobramycin than were cells in intact biofilms.
DuGuid et al. (57) examined Staphylococcus epidermidis suscep-
tibility to tobramycin and concluded that the organization of cells

TABLE 1. Methods that have been used for measurement of biofilms on catheters

Method Basic protocola Advantage Limitation(s) Reference

Roll-plate Roll the catheter tip over the surface
of a blood agar plate

Easy to use Examines only catheter outer
surface, inaccurate

126

Vortex, then viable count Catheter section in PBS is vortexed
then cultured on different media

Measures intraluminal and
extraluminal biofilm

Recovery efficiency unknown 202

Sonicate, vortex, then
viable count

Catheter section in TSB, sonicate then
vortex, then culture on blood agar

Measures intraluminal and
extraluminal biofilm

Recovery efficiency unknown 178

Sonicate, vortex, homog-
enize, then viable
count

Catheter section in PBS,
sonicate/vortex repeatedly, then
homogenize and culture on blood
agar

Recovery efficiency
determined

Measures intraluminal
biofilm only

53

Acridine orange direct
staining

Following roll-plate method, catheter
section is stained with acridine
orange

Allows direct examination
of catheter

Method does not allow
quantification

224

Endoluminal brush Brush is introduced into the implanted
catheter, removed, placed into PBS,
sonicated, and plated

Allows examination of
indwelling catheter

Effect of procedure on
patient and recovery
efficiency unknown

102

Alginate swab Swab introduced into the implanted
catheter, removed, then streaked
over a blood agar plate

Allows examination of
indwelling catheter

Effect of procedure on
patient and recovery
efficiency unknown

25

a PBS, phosphate-buffered saline; TSB, Trypticase soy broth.

TABLE 2. Apparatuses that have been used for growing and testing biofilms

Apparatus Organism(s) tested Flow dynamics Substratum Method for removing and
quantifying biofilm Reference

Modified Robbins device Pseudomonas pseudomallei Batch/mixing Silastic disks Method of removal not given;
viable count

208

Calgary biofilm device P. aeruginosa, S. aureus,
E. coli

Batch/mixing Plastic pegs Sonicate peg, then viable count 26

Disk reactor Gram-negative bacteria Batch/mixing Teflon coupons Sonicate, vortex, homogenize,
then viable or direct count

54

CDC biofilm reactor Gram-negative bacteria Continuous/open
system

Needleless
connectors
(plastic)

Sonicate, vortex, homogenize,
then viable or direct count

144

Perfused biofilm
fermentor

Candida albicans Continuous/open
system

Cellulose-acetate
filters

Shake in sterile water, then
viable count

11

Model bladder Gram-negative bacteria Continuous/open
system

Urinary catheters Direct examination by SEM or
TEMa or by chemical
analysis

195

a SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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within biofilms could in part explain the resistance of this organ-
ism to this antimicrobial agent.

Other studies have examined antimicrobial agent penetration
and interaction with the extracellular polymeric substance mate-
rial of biofilms. Hatch and Schiller (79) showed that a 2% sus-
pension of alginate isolated from P. aeruginosa inhibited diffusion
of gentamicin and tobramycin, and this effect was reversed by
using alginate lyase. Souli and Giamarellou (181) demonstrated
the ability of S. epidermidis slime to hinder the antimicrobial
susceptibility of Bacillus subtilis to a large number of agents. Not
all antimicrobial agents were equally affected; glycopeptides such

FIG. 3. Mixed-species heterotrophic biofilm grown on stainless steel in a potable-water biofilm reactor containing Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Flavobacterium spp. This image of a biofilm was obtained, after staining with 4�,6�-diamidino-2-phenylindole, with a
Zeiss Axioskop 2 epifluorescence microscope and the Zeiss deconvolution system.

TABLE 3. Factors to consider in the development
of a model biofilm system

Medium Inoculum Hydrodynamics Substratum

Composition,
temperature,
presence of
antimicrobial
agents

Identity of
organism,
no. of cells

Flow rate, presence
of shear, batch
vs. open system,
retention time

Roughness,
chemistry,
conditioning
films
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as vancomycin and teicoplanin were significantly affected,
whereas agents such as rifampin, clindamycin, and the macrolides
were either unaffected or minimally affected. Another study (74)
examined the diffusion of several antimicrobial agents (ceftazi-
dime, cefsulodin, piperacillin, gentamicin, and tobramycin)
through synthetic and naturally produced alginate gels and found
that beta-lactam antibiotics diffused into the matrix more rapidly
than did aminoglycosides. Aminoglycosides were found to initially
bind to the alginates, but diffusion increased after an 80- to 100-
min lag period.

Altered Growth Rate of Biofilm Organisms

Another proposed mechanism for biofilm resistance to antimi-
crobial agents is that biofilm-associated cells grow significantly
more slowly than planktonic cells and, as a result, take up anti-
microbial agents more slowly. Using a method of cell culture
designed to determine the effect of growth rate apart from other
biofilm processes, Evans et al. (63) found that the slowest growing
Escherichia coli cells (in biofilms) were the most resistant to cet-
rimide. At growth rates higher than 0.3 per h, biofilm and plank-
tonic cells were equally susceptible. Another study showed that S.

epidermidis biofilm growth rates strongly influenced susceptibility;
the faster the rate of cell growth, the more rapid the rate of
inactivation by ciprofloxacin (56). Anwar et al. (5) found that
older (10-day-old) chemostat-grown P. aeruginosa biofilms were
significantly more resistant to tobramycin and piperacillin than
were younger (2-day-old) biofilms. A dosage of 500 �g of piper-
acillin plus 5 �g of tobramycin per ml completely inactivated both
planktonic and young (2-day-old) biofilm cells. Older (10-day-
old) biofilm cell counts were reduced only approximately 20% by
exposure to this dose. Similar results have been observed with
several different combinations of bacteria and antimicrobial
agents (2, 32, 51).

Other Physiological Changes Due to
Biofilm Mode of Growth

Gram-negative bacteria respond to nutrient limitation and
other environmental stresses by synthesizing sigma factors. In E.
coli, those sigma factors that are under the control of the rpoS
regulon regulate the transcription of genes whose products miti-
gate the effects of stress. By studying E. coli biofilms formed by
strains with and without the rpoS gene, Adams and McLean (1)

FIG. 4. Biofilm structure cartoon. Copyright Center for Biofilm Engineering, Montana State University, Bozeman, Mont. Reprinted with
permission.

TABLE 4. Susceptibility of planktonic and biofilm bacteria to selected antibiotics

Reference Organism Antibiotic MIC or MBC of
planktonic phenotype (�g/ml)

Concn effective against
biofilm phenotype (�g/ml)

215 S. aureus NCTC 8325-4 Vancomycin 2 (MBC) 20a

26 Pseudomonas aeruginosa ATCC 27853 Imipenem 1 (MIC) �1,024b

26 E. coli ATCC 25922 Ampicillin 2 (MIC) 512b

208 P. pseudomallei Ceftazidime 8 (MBC) 800c

114 Streptococcus sanguis 804 Doxycycline 0.063 (MIC) 3.15d

a Concentration required for 99% reduction.
b Minimal biofilm eradication concentration.
c Concentration required for �99% reduction.
d Concentration required for �99.9% reduction.
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found that the rpoS� E. coli biofilms had higher densities and a
higher number of viable organisms. Since rpoS is activated during
slow growth of this organism, it appears that conditions that elicit
the slowing of bacterial growth, such as nutrient limitation or
build-up of toxic metabolites, favor the formation of biofilms.
Nutrient limitation and increases in toxic metabolite concentra-
tions might be particularly acute within the depths of established
biofilms. Tresse et al. (203) found that agar-entrapped E. coli cells
were more resistant to an aminoglycoside as oxygen tensions were
decreased. They suggested that the effect was due to lowered
uptake of the antibiotic by the oxygen-starved cells. Dagostino et
al. (42) proposed that initial bacterial association with a surface
may result in the repression or induction of genes, which in turn
results in a number of physiological responses.

HUMAN INFECTIONS INVOLVING BIOFILMS

Koch’s postulates state that (i) the organism is regularly
found in the lesions of the disease, (ii) it can be isolated in pure
culture on artificial media, (iii) inoculation of this culture pro-
duces a similar disease in experimental animals, and (iv) the
organism can be recovered from the lesions of these animals
(49). The question of whether biofilms are etiological agents of
disease in many cases cannot be proven according to Koch’s
postulates. Nickel and Costerton (147) studied coagulase-neg-
ative staphylococci (CoNS) in chronic prostatitis and were able
to detect these organisms in biopsies from infected individuals.
Nevertheless, they concluded that it was not possible to state
definitively that these organisms were the cause of the infec-
tion. All that could be stated was that there was an association
between the presence of the organisms and the disease. For
several of the diseases discussed in this section, such as peri-
odontitis, native valve endocarditis, and cystic fibrosis, that
association is stronger. For others, such as otitis media, the
association is less well established. A discussion of several
noted infectious diseases for which the biofilm link has been
suggested follows.

Native Valve Endocarditis

Native valve endocarditis (NVE) is a condition that results
from the interaction between the vascular endothelium, gen-
erally of the mitral, aortic, tricuspid, and pulmonic valves of the
heart, and bacteria or fungi circulating in the bloodstream
(118). The diversity of organisms causing NVE is quite exten-
sive. Tunkel and Mandell (204) noted that of 2,345 cases of
infective endocarditis, 56% were caused by streptococci (in-
cluding viridans streptococci, enterococci, pneumococci, and
Streptococcus bovis), 25% by staphylococci (19% coagulase
positive and 6% CoNS), and the balance by gram-negative
bacteria and fungi (Candida and Aspergillus spp.). These or-
ganisms gain access to the bloodstream primarily via the oro-
pharynx, gastrointestinal tract, and genitourinary tract.

Normally, microorganisms adhere poorly to intact endothe-
lium. However, when the endothelium is damaged, nonbacte-
rial thrombotic endocarditis (NBTE), in which the thrombus is
an accumulation of platelets, fibrin, and occasionally red blood
cells, will develop at the point of injury. Durack (59) induced
NBTE formation in rabbits by leaving a polyethylene catheter
in place in contact with the aortic valve. Fibronectin, secreted

by endothelial cells, platelets, and fibroblasts in response to a
vascular injury, has been identified in thrombotic lesions of
heart valves. Fibronectin can simultaneously bind to fibrin,
collagen, human cells, and bacteria (118).

Several bacteria have fibronectin receptors, including Staph-
ylococcus aureus and several species of Streptococcus (118).
Lowrance et al. (119, 120) showed in an animal model that
Streptococcus sanguis binds to the fibronectin molecule and
that low-fibronectin-binding mutants of S. sanguis are less vir-
ulent than the high-binding strains. Several of the streptococci
also produce high-molecular-weight dextrans that promote ad-
herence to the surface of the thrombus in NBTE (166). Dall et
al. (43) showed that dextranase blocked microbial adhesion in
experimental animals. Inoculum size may also be important,
depending on the species. Gram-negative bacteria do not ad-
here as well as gram-positive organisms, and induction of en-
docarditis in laboratory animals requires a much higher inoc-
ulum of gram-negative bacteria than of gram-positive
organisms (96).

Early work by Durack showed that bacteria would localize in
sites of NBTE within 30 min of injection into a rabbit contain-
ing a polyethylene catheter (59). Though most of the bacteria
were ingested by white blood cells that were stuck to the edges
of the NBTE, some bacteria were not ingested and adhered to
the edge of the vegetation. Within hours these bacteria had
begun to multiply. Bacterial microcolonies developed in the
platelet-fibrin matrix, primarily where there were few white
blood cells. Several bacterial colonies eventually (after 24 h)
developed fibrin capsules and were thus protected from the
white blood cells. It appeared to the authors that the move-
ment of the white blood cells was hindered by the fibrin. Du-
rack and Beeson (58) also showed that most of the metabolic
activity of the biofilm bacteria was on the surface; colonies
deeper in the thrombus were inactive. Also, they observed that
the majority of bacteria in a vegetation enter a resting state
within 2 days of infection.

Biofilms on native heart valves may result in valve tissue
damage or production of emboli. Ferguson et al. (66), in stud-
ies of rabbits infected with staphylococci, found that bacteria
penetrated into the connective tissue of the aortic valve, struc-
turally damaging it. Release of cells or clumps of cells and
NBTE components into the bloodstream may also occur as a
result of NVE biofilms. These emboli may cause serious com-
plications throughout the body. Fungi, because they produce
bulky, friable vegetations, more frequently produce emboli.
Stiles and Friesinger (196) noted that fungal biofilms may
exceed 2 cm in diameter and the rate of clinically apparent
emboli was higher in fungi than in bacteria. Rohmann et al.
(168) found that embolic events were more common in pa-
tients with vegetations larger than 10 mm in diameter.

NVE may be detected either indirectly, by a combination of
clinical symptoms and identification of organisms in the blood-
stream, or by observing the vegetations via imaging techniques.
One such imaging technique in common use is echocardiogra-
phy. However, though it may be a good technique for docu-
menting the presence or absence of biofilms, the use of echo-
cardiography as a routine method for establishing diagnosis is
not recommended. Approximately half of patients with clinical
criteria examined in a study by Stewart et al. (185) demon-
strated vegetative lesions by echocardiography. These findings
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were confirmed by others (22, 121). Berger et al. (15) noted
that the limit of detection for biofilms on infected valves is a
diameter of approximately 3 mm. However, Rohmann et al.
(168) found that monitoring vegetation size with transesopha-
geal cardiography, particularly in culture-negative patients,
may help to assess the efficacy of antimicrobial treatment.

Most medical practitioners recommend prophylactic antibi-
otics when patients with a high risk of endocarditis undergo
dental and other invasive procedures. This treatment consists
of 3 g of amoxicillin taken orally 1 h before a procedure and
then 1.5 g 6 h later (166). This treatment would be expected to
kill planktonic organisms in the bloodstream prior to attach-
ment. Once the biofilm is established on the heart valves,
treatment is much less effective due to a combination of mass
transfer limitations and inherent resistance of biofilm organ-
isms.

Depending on the organism involved, various antibiotic
therapies have been used. Penicillin is the normal treatment
for streptococcal endocarditis, and it may be supplemented
with gentamicin to produce synergistic killing. Treatment may
be increased when complications such as large vegetation size
occur. Other antibiotics or combinations of antibiotics are used
for other organisms. Dall et al. (43) found that addition of
dextranase as an adjuvant to penicillin prevented microbial
adhesion and facilitated penicillin sterilization of infected
valves in experimental animals. Joly et al. (96) found that
antibiotic treatment was more successful when serum antibi-
otic levels were held at least 10-fold higher than the minimal
bactericidal concentration (MBC) through the entire dosing
regimen. Sandoe et al. (172) successfully treated Staphylococ-
cus capitus endocarditis with vancomycin and rifampin for pro-
longed treatment. Perrotta and Fiore (156) found that Strep-
tococcus bovis endocarditis was successfully resolved by using
penicillin G together with streptomycin (6 days), followed by
imipenem (4 days).

Candida endocarditis has been treated successfully with flu-
conazole (212). Rohmann et al. (168) investigated the effect of
antibiotic treatment on vegetation size using transesophageal
echocardiography in 183 patients monitored over a 76-week
period. The reduction in vegetation size as a result of treat-
ment was as follows: vancomycin, 45%; ampicillin, 19%; and
penicillin, 5%. Penicillinase-resistant drugs resulted in a 15%
increase, and cephalosporin resulted in a 40% increase. These
results underline the importance of closely monitoring the
biofilm size over the course of the treatment, especially since
embolic events are more common for larger vegetations. An-
other treatment approach is to surgically remove the vegeta-
tion from the infected valve, a procedure termed vegetectomy
(86).

Clearly, the formation of biofilms on native heart valves
(termed vegetations by the medical community) is a well-doc-
umented biofilm process. However, there are still important
questions that must be addressed. What threshold number of
microorganisms in the bloodstream is required to develop a
biofilm? Could in vitro studies be developed that will more
accurately predict the efficacy of antimicrobial agents in vivo?
Can bacteria that are ingested by leukocytes survive to colonize
a sterile NBTE site?

Otitis Media

Otitis media (OM) is a disease of the middle ear that involves
the inflammation of the mucoperiosteal lining. OM is a very
common childhood disease, may be acute or chronic, and is
caused by a number of different organisms, including Streptococ-
cus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis,
group A beta-hemolytic streptococci, enteric bacteria, Staphylo-
coccus aureus, Staphylococcus epidermidis, Pseudomonas aerugi-
nosa, and other organisms (65). Mixed cultures may also be iso-
lated (73). Stenfors and Raisanen (184) quantified the bacteria in
middle ear effusions collected from patients with OM. They found
counts ranging between 105 and 109 per ml of effusion material. In
certain cases of chronic OM, the middle ear may contain a highly
viscous fluid (OM with effusion) (73). Under these conditions, the
implantation of tympanostomy tubes is performed to alleviate
pressure build-up and hearing loss.

Tympanostomy tubes are subject to contamination, and bio-
films will build up on their inner surfaces. Biedlingmaier et al.
(16) investigated the colonization of Armstrong-style silicone,
fluoroplastic, ionized modified silicone and silver oxide-coated
Armstrong-style silicone tubes by Pseudomonas aeruginosa,
Staphylococcus aureus, and Staphylococcus epidermidis in Tryp-
ticase soy broth. They found that all three organisms devel-
oped biofilms on the Armstrong silicone and the silver oxide-
coated Armstrong-style silicone tubes. P. aeruginosa also
developed biofilms on the fluoroplastic tubes. Only the ionized
silicone tubes remained free of contamination and biofilms.

Saidi et al. (170) investigated biofilm formation on tubes
implanted into the ears of guinea pigs inoculated with S. au-
reus. In this study, the tube materials investigated included
silicone, silver oxide-impregnated silicone, fluorplastic, silver
oxide-impregnated fluorplastic, and ion-bombarded silicone.
The tubes were left in place for 10 days, fixed, and examined by
scanning electron microscopy. The results of this study showed
that all of the materials contained attached bacteria, though
the ion-bombarded silicone had fewer cells, which did not
appear to have formed a biofilm.

Gourin and Hubbell (75) investigated the efficacy of silver
oxide-impregnated silastic tympanostomy tubes inserted into
the ears of 630 patients with chronic OM in preventing post-
operative otorrhea (drainage from the ear) in a prospective
nonrandomized clinical study. They found that the use of the
treated tympanostomy tubes resulted in a lower incidence of
postoperative otorrhea after the first postoperative week. The
authors opined that the silver oxide prevented adherence and
colonization of selected bacteria to the tube but probably had
no effect on the established infection in the middle ear.

The fact that biofilm organisms are significantly more resistant
to antimicrobial agents has already been discussed. An additional
consideration in the case of biofilms of otitis media is that there is
very low penetration of antibiotics into the middle ear fluid.
Krause et al. (107) compared concentrations of amoxicillin, cefa-
clor, erythromycin-sulfisoxazole, and trimethoprim-sulfamethox-
azole in middle ear fluid and serum of children with serous OM.
For samples collected 15 to 240 min after administration of a
single oral dose, levels of antibiotic in the middle ear fluid were
always significantly lower than those in the serum. Also, certain
antibiotics, such as erythromycin, were never detected at all in the
middle ear fluid.
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Kondoh and Hashiba (106) evaluated the efficacy of several
macrolide antibiotics, i.e., clarithromycin, erythromycin, and
midacamycin, against biofilms of P. aeruginosa growing on Tef-
lon in a minimal medium for a 7-day exposure period. Both
clarithromycin and erythromycin inhibited biofilm formation,
as evidenced by decreases in total protein, alginate, and hexose
on Teflon beads. However, the planktonic bacterial levels were
unaffected by the treatments, and the authors proposed that
the inhibitory effects were due to factors other than bacteri-
cidal activity. Both clarithromycin and erythromycin inhibited
biofilm formation at 1/20 of the MIC. Since this concentration
can be achieved in sputum and nasal discharges, there is a good
probability that these antimicrobial agents would be effective
against biofilm diseases caused by P. aeruginosa, including OM.

With the exception of a single report by Hayes et al. (J. D.
Hayes, R. Veeh, X. Wang, J. W. Costerton, J. C. Post, and
G. D. Ehrlich, abstr. 186, Am. Soc. Microbiol. Biofilm 2000
Conf., 2000), there is very little evidence for the development
of biofilms on mucosal surfaces of the middle ear in OM. In
this study, the authors used scanning electron microscopy to
provide evidence of H. influenzae biofilms on the middle ear
mucosal surfaces of chinchillas that had been injected with a
culture of this organism. Recent unpublished work with the
chinchilla model of OM, in collaboration with Ehrlich and
Post, clearly shows biofilm formation by both scanning electron
microscopy and CLSM.

Chronic Bacterial Prostatitis

The prostate gland may become infected by bacteria that
have ascended from the urethra or by reflux of infected urine
into the prostatic ducts emptying into the posterior urethra
(52). Once the bacteria enter the prostatic duct and ascini, they
multiply rapidly and elicit a host response. As long as the
infection is in the early acute stages, the bacteria can easily be
eradicated with antibiotic therapy (146). If these bacteria per-
sist, they can form sporadic microcolonies and biofilms that
adhere to the epithelial cells of the duct system. Organisms
isolated in cases of chronic bacterial prostatitis include E. coli
(most common isolate), Klebsiella, enterobacteria, Proteus, Ser-
ratia, Pseudomonas aeruginosa, CoNS, coryneforms, and En-
terococcus faecalis (52). In another study, Nickel and Costerton
(151) isolated E. coli, P. aeruginosa, Bacteroides spp., Gard-
nerella spp., Corynebacterium spp., and CoNS.

Much of our understanding of the probable role of biofilms
in chronic bacterial prostatitis has come either from studies
employing animal models (148, 150) or from biopsies collected
from men with prostatitis (147, 151). Nickel et al. (150) inoc-
ulated the prostates of rats with a culture of 108 E. coli organ-
isms per ml by means of a sterile catheter. Rats were sacrificed
after 1, 3, and 7 days and weekly for 8 weeks, and biopsy
samples of prostates were collected. These samples were ex-
amined by either scanning electron microscopy or transmission
electron microscopy. Samples were also sonicated and plated
onto MacConkey agar. They demonstrated that bacteria were
present in glycocalyx-encased microcolonies and appeared to
be firmly adherent to the ductal and acinar mucosal layers.

Nickel and Costerton (151) evaluated 20 men with a history of
chronic bacterial prostatitis. Biopsies were collected from infected
prostates, processed aseptically, and plated onto nutrient agar.

Histological specimens were also examined by scanning electron
microscopy and transmission electron microscopy. The authors
showed evidence of bacterial attachment to the ductal walls, es-
pecially for P. aeruginosa. Nickel and Costerton (147) were also
able to demonstrate, using needle biopsies, sporadic microcolo-
nies of CoNS in the intraductal space. The microcolonies were
enveloped in a dehydrated slime matrix. Transmission electron
microscopy portrayed bacterial biofilms very clearly, as shown in
Fig. 5.

Domingue and Hellstrom (52) state that treatment failures are
common in prostatitis, probably as a result of the local environ-
ment surrounding the infecting organisms and the fact that these
organisms have produced a biofilm. Once bacteria infect the pros-
tate, they produce a glycocalyx and become inactive. With this
change in metabolism, the cells can become more resistant to
antimicrobial agents (146). Nickel and Costerton (151) presented
a study of chronic bacterial prostatitis in 20 men whose symptoms
did not resolve with long-term courses of antibiotic therapy. The
dosage regimens of these antibiotics had been determined by
culture and sensitivity testing in the laboratory. They found that it
took significantly longer (96 h) to grow bacteria from sonicated
tissue biopsy samples than to grow bacteria cultured from patients
with cystitis. This observation lends support to the conclusion that
organisms growing in the tissues as biofilms have an altered me-
tabolism.

In light of the fact that prostatitis is apparently caused by
biofilm-associated organisms, Nickel et al. (146) have sug-
gested that a recommended treatment regimen might be to
deliver higher antibiotic concentrations directly to the biofilm
within the prostatic ducts.

Cystic Fibrosis

Cystic fibrosis (CF), a chronic disease of the lower respira-
tory system, is the most common inherited disease. In this
condition, the normal mucociliary clearance system that
cleanses the bronchopulmonary epithelium of inhaled particles
depends on an upward directional flow of a mucus layer on the
tips of cilia that move freely in the underlying watery layer. In
CF there is a net deficiency of water, which hinders the upward
flow of the mucus layer. Decreased secretion and increased
absorption of electrolytes lead to dehydration and thickening
of secretions covering the respiratory epithelium (104).

According to May et al. (131), 70% of patients with CF are
defective in the cystic fibrosis transmembrane conductance regu-
lator protein (CFTR), which results in altered secretions in the
secretory epithelia. The hyperviscous mucus that is produced is
thought to increase the incidence of bacterial lung infections in
CF patients. According to Govan and Deretic (76), the CF gene,
which encodes the CFTR, has been identified. The CFTR func-
tions as a chloride ion channel protein. Chloride ion transport is
severely impaired when the CFTR is defective in CF patients.
Staphylococcus aureus is usually the first pulmonary isolate from
these patients (131). It can normally be controlled by antibiotics.
S. aureus and H. influenzae infections usually predispose the CF-
affected lung to colonization with P. aeruginosa. Burkholderia ce-
pacia has also been shown to infect the lungs of CF patients with
lethal consequences, but it has never attained the 80% coloniza-
tion rate of P. aeruginosa (76).

The exact mechanism of P. aeruginosa colonization of the
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lungs of patients with CF is not known. There is evidence that
enhanced pseudomonal receptors on the respiratory epithelia
may be responsible; impaired mucociliary clearance is another
possibility (76). During initial colonization, the organisms are
nonmucoid. Persistence of the organism in the lungs of pa-
tients with CF ultimately will result in a mucoid phenotype
(104). There is no clear interval between the initial coloniza-
tion by P. aeruginosa and conversion to mucoid forms; it may
take several months to years. The variable timing of the emer-
gence indicates that this is caused by random mutations, fol-
lowed by selection of mucoid strains in the lungs of patients
with CF (76).

This mucoid phenotype was first observed by Lam et al. (110)
in postmortem specimens of infected lung tissue and bronchos-
copy material from infected patients. The mucoid material was
shown to be a polysaccharide material, later identified as alginate.
The conditions that trigger the conversion to the mucoid pheno-

type have been investigated. Hoyle et al. (84) demonstrated, using
a chemostat and modified Robbins device, that mucoid exopo-
lysaccharide was transiently produced following adherence of P.
aeruginosa. May et al. (131) noted that several in vitro conditions,
such as nutrient limitation, the addition of surfactants, and sub-
optimal levels of antibiotics, may result in mucoidy. Mucoidy is
even elicited by addition of ethanol to the medium, indicating that
this phenotype may be a response to dehydration.

Mathee et al. (130) showed that biofilms of P. aeruginosa chal-
lenged with either activated human peripheral blood polymor-
phonuclear leukocytes (PMNs) or hydrogen peroxide (a product
released in low levels by PMNs) yielded about 0.1% mucoid
colonies, while unchallenged biofilms produced none. Alginate
was overproduced by all the mucoid colonies. They hypothesized
that activated PMNs and the release of toxic products such as
hydrogen peroxide could play a role in the generation of mucoid
organisms during the inflammatory response.

FIG. 5. Transmission electron micrograph of a prostatic duct in an area of focal chronic inflammation from a patient with an E. coli chronic
prostatitis. Arrows point to bacterial microcolonies amid inflammatory cells and debris. These bacteria were cultured from both expressed prostatic
secretions and tissue biopsies obtained 4 weeks after antibiotics were discontinued. Bar, 1 �m. Reprinted from reference 151 with permission of
Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
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The sputum from the lungs of patients with CF is usually
filled with large numbers of PMNs, and the inflammatory de-
fense mechanisms in the lungs of patients with CF against
mucoid P. aeruginosa are usually dominated by PMNs and
antibodies (130). In contrast to P. aeruginosa, B. cepacia does
not generally produce alginate-like compounds, though some
investigators have reported the production of other exo-
polysaccharides. Mucoid colonial morphology in B. cepacia is
rare in both environmental and clinical strains. The presence
of biofilms or microcolonies of Burkholderia has not been re-
ported for patients colonized solely by this organism (76).

A question posed by a number of investigators is why mu-
coid P. aeruginosa infections are so recalcitrant and resistant to
immune system clearance. Koch and Hoiby (104) stated that
the biofilm mode of growth protects the organisms from anti-
microbial agents and host defenses. The alginate layer of mu-
coid strains appears to prevent antibody coatings and blocks
the immunological determinants required for opsonic phago-
cytosis (90, 91, 131, 135). Mucoid strains are apparently more
resistant to nonopsonic phagocytosis than are nonmucoid
strains (90, 131). There is evidence that the alginate may pro-
mote adherence of the mucoid strains to epithelial cells in the
pulmonary tract, thereby inhibiting clearance. In vivo experi-
ments with infected rats confirmed this; mucoid P. aeruginosa
strains were less rapidly removed from the pulmonary tract
than were nonmucoid strains (131).

Another mechanism for persistence and survival was pro-
posed by Cochrane et al. (33). Using rats that had been arti-
ficially infected with agar beads containing P. aeruginosa, they
found that the bacteria within these beads produced elevated
levels of high-molecular-weight iron-regulated membrane pro-
teins that can function as receptors for iron-siderophore com-
plexes. These molecules aid in the scavenging of low levels of
iron from the bloodstream. A host defense mechanism against
pathogenic organisms is to restrict available iron in order to
limit this essential bacterial nutrient. By producing iron-scav-
enging compounds, the organisms are better able to survive in
the host.

Anwar et al. (6) also suggested that biofilm age was a critical
factor in P. aeruginosa survival. In their experimental system,
older biofilm cells of this organism were less susceptible to
either whole blood or serum than were either younger biofilms
or planktonic organisms.

The possibilities for successful treatment of CF may ulti-
mately hinge on early antimicrobial treatment to prevent or
delay chronic infection with P. aeruginosa. Koch and Hoiby
(104) noted that early treatment with oral ciprofloxacin and
inhaled colistin could postpone chronic infection with P.
aeruginosa for several years. They also suggested that a vaccine
against this organism might be effective in preventing initial
colonization of the lungs of patients with CF.

Periodontitis

Periodontal diseases, infections involving the supporting tis-
sues of teeth, range from mild and reversible inflammations of
the gums (gingiva) to chronic destruction of periodontal tissues
(gingiva, periodontal ligament, and alveolar bone). Chronic
periodontitis may lead to exfoliation of the teeth (112). The
channel between the tooth root and the gingiva (gum), termed

the subgingival crevice, is the primary site of periodontal in-
fection and will deepen into a periodontal pocket with the
progression of the disease (112).

Moore et al. (140) characterized the organisms isolated from
patients with moderate periodontal disease and found that
Fusobacterium nucleatum, Peptostreptococcus micros, Eubacte-
rium timidum, Eubacterium brachy, Lactobacillus spp., Actino-
myces naeslundii, Pseudomonas anaerobius, Eubacterium sp.
strain D8, Bacteroides intermedius, Fusobacterium sp., Seleno-
monas sputigena, Eubacterium sp. strain D6, Bacteroides pneu-
mosintes, and Haemophilus aphrophilus were all positively cor-
related with gingivitis. They concluded that the predominant
organisms in the subgingival areas of patients with moderate
periodontitis are not found in healthy patients.

Lamont and Jenkinson (112) and Socransky and Haffajee
(180) noted that Porphyromonas gingivalis is the primary agent
responsible for periodontitis. Omar et al. (154) examined sub-
gingival plaque in adult patients with periodontitis and showed
that spirochetes and cocci tended to increase in these areas.
Dzink et al. (60) found that the predominant microflorae of
active lesions in subgingival areas were Fusobacterium nuclea-
tum, Wolinella recta, Bacteroides intermedius, Bacteroides for-
sythus, and Bacteroides gingivalis (Porphyromonas gingivalis).
Marsh (128) noted that the predominant flora, even between
sites in the same subject, is highly diverse, though periodontitis
is clearly a polymicrobic infection.

Proteinaceous conditioning films, called acquired pellicle, de-
velop on the exposed surfaces of enamel almost immediately after
cleaning of the tooth surface within the oral cavity. The pellicle
comprises albumin, lysozyme, glycoproteins, phosphoproteins,
lipids, and gingival crevice fluid (128). Within hours of pellicle
formation, single cells of primarily gram-positive cocci and rod-
shaped bacteria from the normal oral flora colonize these sur-
faces. The pioneer species are predominantly streptococci, acti-
nomycetes, and smaller numbers of Haemophilus (128). These
organisms have the ability to bind directly to the pellicle through
the production of extracellular glucans (105). After several days,
actinomycetes predominate, and the characteristic polysaccharide
matrix of a biofilm begins to develop (128).

Organisms associating with and attaching to cells in this
early biofilm do so by a process called coaggregation. Coag-
gregation is cell-to-cell recognition whereby organisms in the
biofilm can recognize and adhere to genetically distinct bacte-
ria by means of adhesins. These adhesins recognize protein,
glycoprotein, or polysaccharide receptors on oral surfaces, in-
cluding other cell types (105). A climax biofilm community,
termed plaque, will develop within 2 to 3 weeks if the plaque is
left undisturbed, with 50- to 100-�m-thick biofilms developing
(112). In addition to matrix polysaccharides, there will be poly-
mers of salivary origin (128).

Plaque that becomes mineralized with calcium and phos-
phate ions is termed calculus or tartar (176). In addition to
development on the tooth surfaces (within fissures), plaque can
develop more extensively in protected areas, including approxi-
mal areas (between the teeth) and the gingival crevice (be-
tween the tooth and gum). As the plaque mass increases in
these protected areas, the beneficial buffering and antimicro-
bial properties of the saliva are less able to penetrate and
protect the tooth enamel, leading to dental caries or periodon-
tal disease (128). In support of this, Corbet and Davies (35)
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reviewed data showing that control of supragingival plaque by
professional tooth cleaning and personal efforts would prevent
gingival inflammation and adult periodontitis.

Within the subgingival crevice, the primary source of nutri-
ents for the developing biofilm is gingival crevice fluid, a serum
exudate that bathes the gingival crevice. This fluid provides
proteins, glycoproteins, and other nutrients. Bacterial nutrients
may also originate from saliva and the host diet (especially
fermentable carbohydrates) (128). Though there is a constant
flow of air through the oral cavity, the tooth surface rapidly
becomes anaerobic on colonization with microorganisms.
Marsh (128) noted that redox potential (Eh) fell from ��200
mV to �30 mV within 2 days of colonization and to ��150
mV after 7 days. The Eh of the gingival crevice is usually lower
than that of other sites around a healthy tooth. Bradshaw et al.
(20) used a model system oral biofilm and demonstrated that
anaerobes increased in proportion to aerobes with increasing
biofilm age. They showed that mixed cultures can protect ob-
ligate anaerobes in the biofilms from the toxic effects of oxy-
gen.

As the organisms develop biofilms in the subgingival crevice,
they produce proteolytic enzymes that damage tissue directly
or interfere with host defenses (128). Collagenase and hyal-
uronidase are also present and capable of degrading collagen.
Breakdown of the fiber barrier system may occur, and the
lesion may then progress to one that may attack the supporting
structures of the tooth (176). Gram-negative organisms also
produce endotoxins that may result in inflammation (176).
Lamont et al. (111) demonstrated that Porphyromonas gingiva-
lis was capable of invading epithelium cells in a laboratory
assay, eliciting invasion mechanisms similar to those of other
pathogens. In their assay, none of the serum concentrations
used affected the invasive ability of the organism. Serum was
used to simulate crevicular fluid.

The control of periodontitis is rooted in the removal of
established biofilms (plaque) from the subgingival areas, in
combination with supplemental antimicrobial agents. Qui-
rynen et al. (159) found that chlorhexidine rinses after me-
chanical cleaning significantly improved gum health, as mea-
sured by a reduction in probing depth of the gingival crevice.
Kinniment et al. (101) found that pathogens such as P. gingi-
valis and F. nucleatum were inhibited within laboratory oral
biofilms by treatment with chlorhexidine, in support of the
findings by Quirynen. Reynolds et al. (163) found that subgin-
gival irrigation with chlorhexidine during ultrasonic scaling
provided a significant improvement in probing depth com-
pared to that of the untreated control group. Jeong et al. (92)
found that root planing plus a mixture of tetracycline and citric
acid-containing gel was most effective in decreasing pocket
depth. In this case, the root planing consisted of mechanically
removing plaque and calculus from the exposed root surfaces.
Citric acid acted as a chelating agent to remove mineral de-
posits on the root surfaces.

Clearly, there is an association between the occurrence of
biofilms and infection in certain human diseases. The organ-
isms responsible, the extracellular components of the biofilm,
the nature of the required conditioning film, and the mode of
pathogenicity vary from one disease condition to the next. In
every case discussed, however, there are certain underlying
processes that are unchanging: production of an extracellular

matrix polymer, resistance to antimicrobial agents that in-
creases with biofilm age, and resistance to immune system
clearance.

BIOFILMS ON MEDICAL DEVICES

Because the criteria for the biofilm mode of growth are quite
broad, as has been discussed, the environments suitable for
microorganisms to colonize and establish biofilms are practi-
cally limitless. Costerton et al. (39) provided a partial listing of
medical devices that have been shown to become colonized by
biofilms. Biofilms of various medical devices have been studied
extensively over the last 20 years, though much of the pub-
lished research used very basic tools, such as viable culture
techniques and scanning electron microscopy, to characterize
the microbial diversity and visualize the biofilms. For certain
devices, such as urinary catheters and contact lenses, research
has also elucidated the susceptibility of various materials to
bacterial adhesion and biofilm formation.

A description follows of the biofilms on specific devices:
prosthetic heart valves, central venous catheters, urinary
(Foley) catheters, contact lenses, intrauterine devices, and
dental unit water lines.

Prosthetic Heart Valves

Two major groups of prosthetic heart valves are currently
used, mechanical valves and bioprostheses (tissue valves) (21).
The rates of prosthetic valve endocarditis (PVE), or microbial
infection of the valve and surrounding tissues of the heart, are
similar for both types of valves (21). Estimates of the rate of
PVE range from 0.5% (77) to 1 and 4% (55). The surgical
implantation of the prosthetic valve results in tissue damage,
leading to the accumulation of platelets and fibrin at the suture
site and on the device. As is the case with NVE, there is a
greater susceptibility for initial microbial colonization in these
locations (55).

Illingworth et al. (87) noted that PVE is predominantly
caused by colonization of the sewing cuff fabric of the pros-
thetic valve by microorganisms. Karchmer and Gibbons (98)
added that the microorganisms will commonly invade the valve
annulus into which the prosthetic valve has been sewn, poten-
tially leading to a separation between the valve and the tissue
and resulting in leakage.

Though the etiologic agents of PVE are generally identified
by blood culture, transesophageal echocardiography is also
used to detect biofilms (55). Organisms responsible for PVE
differ depending on whether the infection can be classified as
early or late. CNS are the predominant early colonizers (77,
98), probably resulting from initial contamination of the sur-
gical site during the procedure. For late PVE, which by defi-
nition is from 12 months onward following the valve replace-
ment, the organisms responsible may be streptococci, CoNS,
enterococci, S. aureus, gram-negative coccobacilli, or fungi
(98). Hancock (77) also noted that viridans group streptococci
were the most common organism isolated during late PVE.

There still remain important questions to be answered re-
garding PVE, such as rate of colonization in vivo, rate of
detachment, and physiology of biofilm organisms in the nutri-
tionally rich environment of the heart. Techniques that could
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enable investigators to visualize and quantify biofilms on valves
either in vivo or following removal and model systems that can
be used to grow biofilms on mechanical valves are needed.

Central Venous Catheters

Maki (123) noted that central venous catheters (CVCs) pose
a greater risk of device-related infection than does any other
indwelling medical device, with infection rates of 3 to 5%.
Catheters may be inserted for administration of fluids, blood
products, medications, nutritional solutions, and hemodynamic
monitoring (68). Biofilms have been shown by scanning elec-
tron microscopy and transmission electron microscopy to be
universally present on CVCs and may be associated with either
the outside of the catheter or the inner lumen (160). Organ-
isms that colonize the CVC originate either from the skin
insertion site, migrating along the external surface of the de-
vice, or from the hub, due to manipulation by health care
workers, migrating along the inner lumen (62, 162). Because
the device is in direct contact with the bloodstream, the surface
becomes coated with platelets, plasma, and tissue proteins such
as albumin, fibrinogen, fibronectin, and laminin (162). These
materials act as conditioning films; S. aureus adheres to pro-
teins such as fibronectin, fibrinogen, and laminin, and S. epi-
dermidis adheres only to fibronectin (162). The organisms may
also produce adhesins.

Rupp et al. (169) investigated the role of S. epidermidis-
produced adhesins in an animal model. The adhesins examined
were polysaccharide intercellular adhesin and hemagglutinin.
They found that wild-type organisms adhered in greater num-
bers to CVCs and produced higher rates of infection than did
polysaccharide intercellular adhesin and hemagglutinin knock-
out strains. Murga et al. (144) showed that gram-negative or-
ganisms also adhered in vitro more extensively to materials
that had been conditioned with freshly drawn human blood.

Colonization and biofilm formation may occur within 3 days
of catheterization (3). Raad et al. (160) also showed that cath-
eters in place for less than 10 days tended to have more ex-
tensive biofilm formation on the external surface of the cath-
eter; for longer-term catheters (up to 30 days), biofilms were
more extensive on the internal lumen. Organisms colonizing
CVCs include CoNS, S. aureus, P. aeruginosa, Klebsiella pneu-
moniae, Enterococcus faecalis, and Candida albicans (62, 162).

Biofilms on CVCs have routinely been detected by a semi-
quantitative procedure termed the roll-plate technique, in
which the distal tip of the catheter is removed aseptically and
rolled over the surface of a nonselective medium. Quantifica-
tion of the biofilm on the catheter tip is dependent on the
number of organisms that are recovered by contact with the
agar surface. A number of investigators have used this proce-
dure to quantify biofilms and determine the relationship be-
tween biofilm formation and bloodstream infection (3, 9, 36,
124). However, this technique will not detect organisms on the
inner lumen of the catheter and is unable to detect more than
1,000 CFU per tip.

Raad et al. (161) observed that the roll-plate technique has
a low diagnostic sensitivity and low predictive value for cath-
eter-related bacteremia. They attempted to enhance biofilm
quantification by using sonication plus vortexing of catheter
tips and found that a level of 104 CFU per tip was predictive of

a catheter-related septicemia. Anaissie et al. (3) studied cath-
eters collected from patients and quantified the biofilms using
either the roll-plate, sonication, or scanning electron micro-
scope method. The biofilms were quantified by scanning elec-
tron microscopy by measuring the total area of the outer and
inner luminal surfaces covered by biofilms. They defined col-
onization as either �15 CFU/tip in catheters by the roll-plate
technique or �100 CFU/tip in catheters by the sonication
technique.

Zufferey et al. (224) directly stained catheter tips with acri-
dine orange after the tips had been processed by the roll-plate
technique. The cells in the biofilm were not quantified by this
procedure; a positive or negative result was reported. They
found good agreement between the two techniques, and the
acridine orange staining technique provided more rapid re-
sults.

Regardless of the technique used to quantify biofilms, any
attempt to relate the occurrence of biofilms with infection
should take into consideration the method of blood sampling.
Duplicate blood samples should ideally be drawn peripherally
(from a vein rather than through the CVC) to ascertain that
the organisms in the blood sample have not originated from
the device biofilms during sampling (162).

Urinary Catheters

Urinary catheters are tubular, latex, or silicone devices that
are inserted through the urethra into the bladder to measure
urine output, collect urine during surgery, prevent urinary re-
tention, or control urinary incontinence (99). One study (222)
found that the percentage of patients undergoing indwelling
urinary catheterization was 13.2% for hospital patients, 4.9%
for nursing homes, and 3.9% for patients receiving home care.
The Foley catheter has an inflatable balloon near the tip that
holds the catheter in place in the bladder, and the catheter,
once installed, is connected to a drainage tube and collection
bag (189).

Catheter systems may be open or closed systems. In open
systems, the catheter drains into an open collection container;
in closed systems, the catheter empties into a securely fastened
plastic collecting bag (99). In open systems, catheters quickly
become contaminated, and patients commonly develop urinary
tract infections within 4 days (99). Patients with closed systems
are much less susceptible to urinary tract infections, and the
urine from the patient can remain sterile for 10 to 14 days in
approximately half the patients (99). Regardless of whether the
system is open or closed, Stickler noted that 10 to 50% of
patients undergoing short-term catheterization (up to 7 days)
develop infections, whereas essentially all patients undergoing
long-term catheterization (greater than 28 days) will develop
urinary tract infections (189). McLean et al. further noted that
the risk of catheter-associated infection increases by approxi-
mately 10% for each day the catheter is in place (134).

The organisms that attach to the catheter and develop the
biofilm originate from one of several sources: (i) organisms are
introduced into the urethra or bladder as the catheter is in-
serted, (ii) organisms gain entry through the sheath of exudate
that surrounds the catheter, or (iii) organisms travel intralu-
minally from the inside of the tubing or collection bag (99).
Rogers et al. (167) used a model bladder system to determine
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the impact of leg bag design on the ascending and descending
contamination rate of the urinary drainage system and showed
that all leg bag designs supported biofilms and were the pri-
mary reservoir for contamination of catheters. McLean et al.

noted that the ascent up the catheter to the bladder occurred
within 1 to 3 days (134).

Evidence for biofilm formation on catheters comes from
both in vivo and in vitro studies. The scanning electron micro-

FIG. 6. (A) Cut section of a urinary catheter collected from a patient, revealing a worm-like structure occluding the lumen; (B) low-power
scanning electron micrograph of a freeze-fractured cross-section of a blocked catheter; (C) crystalline formations on the outer surface of a
freeze-dried preparation of material blocking the catheter; (D) fixed and critical-point-dried specimen showing that, below their crystalline coats,
the catheter casts are composed of a mass of cocci and bacilli. Reprinted from reference 190 with permission of the publisher (W. B. Saunders).
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scope and transmission electron microscope have been used to
document biofilms on urinary catheters removed from patients
(152, 189, 194). Figure 6 shows a well-developed urinary cath-
eter biofilm. Stickler (189) noted one study that measured 109

P. aeruginosa cells per cm2 of luminal catheter surface.
Ganderton et al. (71) measured biofilm thickness on silicone

and silicone-coated Foley catheters collected from patients
undergoing long-term catheterization and found that thick-
nesses ranged up to approximately 200 �m, with an occasional
catheter containing biofilms between 200 and 500 �m. That
study also measured biofilm plate counts as high as 108 per cm2

in long-term catheters. However, they found that biofilm thick-
ness and plate counts were quite variable and that there was no
clear relationship between duration of catheter use and extent
of biofilm formation. For example, the thickest biofilm ob-
served (490 �m) was from a catheter in place for 42 days;
biofilm organisms isolated were E. coli (6.5 	 107 per cm2) and
K. pneumoniae (4.6 	 106 per cm2). One of the thinnest bio-
films observed was from a 41-day catheter colonized by Mor-
ganella morganii (2.4 	 107 per cm2) and diphtheroids (2.8 	
105 per cm2). The average maximal biofilm thickness measured
was only 10 �m and was quite patchy.

Ladd et al. (109) proposed a rapid method for the detection
of biofilms on Foley catheters based on malachite green stain-
ing of acridine orange-prestained specimens and validated the
method using P. aeruginosa-colonized catheters. They found
that the malachite green stain minimized the autofluorescence
of the latex catheter surfaces and allowed more reliable count-
ing. These investigators also found that there was no significant
difference between catheter biofilms counted directly on the
catheter surface and biofilms quantified by sonication and vi-
able plating. Evidence has also been provided that, at least in
the case of P. aeruginosa, urinary catheter biofilms produce
quorum-sensing molecules in situ and in vitro, providing fur-
ther evidence for developed biofilm communities in these sys-
tems (193).

Initially, catheters are colonized by single species, such as S.
epidermidis, Enterococcus faecalis, E. coli, or Proteus mirabilis.
As the catheter remains in place, the number and diversity of
organisms increase. Mixed communities develop, containing
such organisms as Providencia stuartii, P. aeruginosa, Proteus
mirabilis, and Klebsiella pneumoniae (189). Other organisms
isolated from urinary catheter biofilms include M. morganii,
Acinetobacter calcoaceticus (194), and Enterobacter aerogenes
(192). Nickel et al. (152) also noted that it appeared that only
a small percentage of the different morphological types ob-
served by scanning electron microscopy and transmission elec-
tron microscopy could be grown by culturing. It is possible that
at least a percentage of the organisms in these biofilms may not
be culturable or cannot compete with the more rapidly growing
organisms commonly isolated on complex media.

Urinary catheter biofilms are unique in that certain of the
component organisms may alter the local pH through the pro-
duction of urease, which hydrolyzes the urea of the urine to
form free ammonia. The ammonia, in turn, will raise the local
pH and allow precipitation of minerals such as calcium phos-
phate (hydroxyapatite) and magnesium ammonium phosphate
(struvite). These minerals will then deposit in the catheter
biofilms (205), forming what is termed a mineral encrustation.
Stickler et al. (194) presented a case study of a person whose

urinary catheter was completely blocked within 4 to 5 days;
X-ray microanalysis of the biofilms in this catheter showed that
it contained elevated levels of calcium, magnesium, and phos-
phorus. The primary urease-producing organisms in urinary
catheters are P. mirabilis, M. morganii, P. aeruginosa, K. pneu-
moniae, and Proteus vulgaris (194, 205). Studies have shown
further that mineral encrustations are observed only in cathe-
ters containing these organisms (192, 187).

Contact Lenses

Contact lenses have been classified according to material of
construction, design, wear schedule, and frequency of disposal.
Soft contact lenses are made of either hydrogel or silicone and
are designed to allow oxygen to diffuse through the lens ma-
terial to provide oxygen to the cornea. Hard contact lenses are
constructed of polymethylmethacrylate and move with each
blink, allowing oxygen-containing tears to flow underneath the
lens (46). Bacteria adhere readily to both types of lenses (46,
137, 182, 183).

Miller and Ahearn (137) examined initial attachment of P.
aeruginosa to hydrophilic contact lenses (hydrogels) and found
that the rate of adherence varied depending on water content
and polymer composition. Though these were initial adhesion
studies, only 2 h in duration, they observed extracellular matrix
polymers by transmission electron microscopy and ruthenium
red staining. The degree of attachment was found to depend
on a number of factors, including the nature of the substrate,
pH, electrolyte concentration, ionic charge of the polymer, and
bacterial strain tested. Their results showed that there was
greater adherence to hydrophobic surfaces and to lenses com-
posed of nonionic polymers.

Stapleton et al. (183) also observed greater adhesion of P.
aeruginosa to low-water-content nonionic lenses than to ionic
lenses. They found that maximal adhesion occurred after 45
min and did not increase for contact periods as long as 24 h.
Miller et al. (136) also showed that P. aeruginosa adhesion was
enhanced by mucin, lactoferrin, lysozyme, immunoglobulin A,
bovine serum albumin, and mixtures of these molecules,
though exposure to human tears resulted in both an increase
and decrease in adherence depending on the lens formulation
tested. These investigators noted that the data would not allow
an accurate prediction of how these molecules would perform
under in situ conditions.

Organisms that have been shown to adhere to contact lenses
include P. aeruginosa, S. aureus, S. epidermidis, Serratia spp., E.
coli, Proteus spp., and Candida spp. (46). An established bio-
film (extensive exopolymer matrix) was demonstrated by scan-
ning electron microscopy of a lens removed from a patient with
keratitis caused by P. aeruginosa (182). McLaughlin-Borlace et
al. (133) also provided evidence of biofilms on the surfaces of
20 contact lens samples collected from patients with a clinical
diagnosis of microbial keratitis. In several cases the biofilms
contained multiple species of bacteria or bacteria and fungi.

Biofilms have also been shown to develop on contact lens
storage cases (46, 133, 218). In fact, the lens case has been
implicated as the primary source of organisms for contami-
nated lens disinfectant solutions and lenses (133). One study
found that 80% of asymptomatic lens users had contaminated
storage cases (133). These investigators found that bacterial
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biofilms were present on 17 of 20 storage cases examined, a
significantly greater percentage than the percentage of lenses
containing biofilms. They also isolated the identical organism
from the lens case and the corneas of infected patients for 9 of
12 samples examined. Additionally, studies have found that the
protozoan Acanthamoeba may be a component of these bio-
films (46, 133) These organisms feed on the biofilm bacteria
and may also be a cause of microbial keratitis.

Intrauterine Devices

Two types of intrauterine devices (IUDs) are commonly
used: IUDs made of a nonabsorbable material, such as poly-
ethylene, impregnated with barium sulfate, and IUDs that re-
lease a chemically active substance, such as copper or a pro-
gestational agent. IUDs generally have a tail that facilitates
locating the device for removal. These tails are composed of a
plastic monofilament surrounded by a nylon sheath. One par-
ticular model, the Dalkon Shield, has a tail composed of a
bundle of 200 to 400 such monofilaments surrounded by a
sheath (31).

IUD use has been shown to result in pelvic inflammatory
disease (31, 117, 219). IUDs removed from asymptomatic
women have been shown to be heavily contaminated with S.
epidermidis, enterococci, and anaerobic lactobacilli (219). Mar-
rie and Costerton (127) also isolated Lactobacillus plantarum,
S. epidermidis, Corynebacterium spp., group B streptococci, Mi-
crococcus spp., Candida albicans, S. aureus, and Enterococcus
spp. In addition, IUDs removed from women with pelvic in-
flammatory disease may also contain beta-hemolytic strepto-
cocci, S. aureus, E. coli, and some anaerobic bacteria (219).

Evidence for biofilms on IUDs has been demonstrated by
scanning electron microscopy and transmission electron mi-
croscopy (12, 89, 127) and by culture on complex media (127,
200, 219). Using the scanning electron microscope, Marrie and
Costerton also demonstrated the presence of human leuko-
cytes and cellular debris in the biofilms (127).

The tail portion of the IUD may be a primary source of
contamination. One study found that approximately half of the
IUD samples that had no tail protruding into the cervix were
sterile. Another study determined that contamination was
heaviest on the distal portions of the tail, which is directly
exposed to the vaginal flora (12). Tatum et al. (200) proposed
that the tail of the Dalkon Shield IUD could act as a wick to
allow bacteria to travel by capillary action and enter the endo-
metrial cavity. They showed, using dye uptake and bacterial
cultures in vitro, that this could happen. Also, after disinfecting
the outer surface of Dalkon Shield IUDs collected from pa-
tients, they found that 86% were positive for culturable bacteria.

An interesting finding of a study by Bank and Williamson
(12) was that no PMNs were observed within multifilament
tails collected from asymptomatic women. PMNs will rapidly
attach to nylon fibers and quickly become immobilized, signif-
icantly limiting their ability to travel up the interfibrillar spaces
of the Dalkon Shield tail. The implication is that the bacteria,
once inside the tail, would be relatively protected from attack
by phagocytes, which normally maintain sterility in the uterus.
This may explain why organisms readily populate IUD tails,
even in asymptomatic patients. However, Jaques et al. (89)
presented evidence using a rabbit model that the tail does not

influence the rate of colonization of the IUD. Devices inserted
through the vagina were colonized rapidly (within 2 weeks),
while those inserted surgically remained uncolonized even af-
ter 8 weeks.

Development of a reproducible nonanimal model system for
growing and evaluating IUD biofilms might allow a clearer
understanding of the rate of biofilm formation and the impor-
tance of different materials, contaminating organisms, and
treatments which could control the process.

Dental Unit Water Lines

Unlike other medical devices discussed previously, dental
water systems are not indwelling devices, and the public health
significance of biofilms in these systems is unclear. However,
because dental procedures may expose patients and dental
professionals to opportunistic and pathogenic organisms orig-
inating from the various components of the dental unit, there
may be potential for human impact. Hence, we include a dis-
cussion of biofilms in these systems.

Dental units are equipped with small-bore flexible plastic
tubing that supplies water to different hand pieces, such as the
air-water syringe, the ultrasonic scaler, and the high-speed
hand piece. Units may be supplied with municipal water or
from separate reservoirs containing either distilled or sterile
water (13). Elevated bacterial counts have been found in water
collected from these systems (13, 70, 132, 217). For example,
Furuhashi and Miyamae (70) found that bacterial counts in-
creased from usually less than 40 per ml in the incoming
municipal water supply to between 103 and 105 per ml in water
collected from the three-way syringe. They noted that the air-
turbine hand piece and cup water filler also had elevated
counts. Mayo et al. (132) found that water from stagnant lines
(unused for 48 h) contained counts as high as 107 per ml.
Organisms generally isolated from these units include Pseudo-
monas spp., Flavobacterium spp., Acinetobacter spp., Moraxella
spp., Achromobacter spp. (199), Methylobacterium spp. (213),
Rhodotorula spp., hyphomycetes (Cladosporium spp., Aspergil-
lus spp., and Penicillium spp.), Bacillus spp., Streptococcus spp.,
CoNS, Micrococcus spp., and Corynebacterium spp. (138). Le-
gionella pneumophila has also been isolated from these systems
(8, 23, 155).

Evidence for biofilms in these systems has come from a
number of studies, using both scanning electron microscopy
(143, 173, 213) and viable plating of organisms isolated from
the dental unit components (199). Whitehouse et al. (213)
observed a variety of bacteria embedded in an apparent poly-
saccharide matrix. They also cultured the same organisms from
both tubing biofilm samples and water samples, and numbers
were similar in both types of samples. Santiago et al. (173) also
observed amebic trophozoites and cysts and, in one biofilm
sample, nematodes by transmission electron microscopy. Using
plate count techniques following mechanical removal of bio-
films from tubing sections, Tall et al. (199) isolated greater
than 104 CFU per cm2 of tubing. They also found a positive
correlation between biofilm and water counts. They showed
that by 180 days of exposure, the entire surface of the dental
unit water line was covered by a thick, multiple layer of extra-
cellular polymeric substances.

Dental suction systems such as saliva ejectors have also been

184 DONLAN AND COSTERTON CLIN. MICROBIOL. REV.

 at U
C

LA
 B

IO
M

E
D

IC
A

L LIB
/S

E
R

IA
LS

 on A
pril 8, 2009 

cm
r.asm

.org
D

ow
nloaded from

 

http://cmr.asm.org


shown to harbor biofilms containing both mixed skin flora and
aquatic bacteria. In one study (14), 25% of 35 dental unit
suction systems were culture positive; deposits on the inner
lumen of evacuation lines were composed of bacterial micro-
colonies and an extensive extracellular matrix containing col-
lagen and fibrin.

Fortunately, water-borne outbreaks as a result of contami-
nation have been very few. One exception was a case cited in
which two cancer patients undergoing dental work contracted
a P. aeruginosa infection 3 to 5 days following the dental pro-
cedures. In both cases, infection (swelling) occurred in the area
where the matrix band had been used. Pyocin typing demon-
strated that the organisms cultured from the patient and water
lines were identical. However, the authors noted the possibility
that the organisms of concern may have originated from the
patient and not the water system (177).

Important issues remain, such as survival and transmission
of pathogens (other than Legionella, e.g., nontuberculous My-
cobacterium spp., E. coli O157:H7, and Cryptosporidium sp.) in
dental unit systems and the effect of other disinfectants, such as
monochloramine and ozone, in both preventing and control-
ling biofilms.

RELATIONSHIP BETWEEN BIOFILM
FORMATION AND DISEASE

It is clear from epidemiologic evidence that biofilms have a
role in infectious diseases, both for specific conditions such as
cystic fibrosis and periodontitis and in bloodstream and urinary
tract infections as a result of indwelling medical devices. The
process may be particularly relevant for immunocompromised
patients, who lack the ability to combat invading organisms.
Beyond the evidence, however, the exact processes by which
biofilm-associated organisms elicit disease in the human host
are only poorly understood at best. Suggested mechanisms
include the following: (i) detachment of cells or cell aggregates
from indwelling medical device biofilms, resulting in blood-
stream or urinary tract infections, (ii) production of endotox-
ins, (iii) resistance to the host immune system, and (iv) provi-
sion of a niche for the generation of resistant organisms
(through resistance plasmid exchange). A basis for each of
these proposed mechanisms follows.

Detachment of Cells or Cell Aggregates

Cells may detach individually from biofilms as a result of cell
growth and division within the biofilms, or cell aggregates or
clusters may detach or be sloughed from the biofilm. Though
detachment has not been well characterized for medical device
biofilms, some aspects of the process can be considered uni-
versal for all biofilms. Laboratory studies have shown that an
increase in shear stress, as would occur during changes in
direction or rate of flow, will result in an increase in the rate of
cell erosion from the biofilm (29). It has also been shown that
detachment of cells or aggregates may be related to changes in
substrate concentration (27). Davies et al. (48) also showed
that acyl-homoserine lactone molecules could mediate both
biofilm architecture and detachment. Regardless of the reason,
detached cells could conceivably cause an infection. Blood-

stream and urinary tract infections could conceivably result
from very small numbers of bacteria.

Production of Endotoxins

In addition to the direct effects of cell detachment or anti-
microbial resistance, gram-negative bacteria within biofilms of
indwelling medical devices will produce endotoxins, which may
in turn elicit an immune response in the patient. Several stud-
ies have measured endotoxin levels of biofilms (82, 164, 207).
Vincent et al. (207) showed that bacterial counts within bio-
films on hemodialyzer tubing correlated with endotoxin levels.
However, none of these studies documented the levels or ki-
netics of endotoxin release from the biofilms.

Resistance to the Host Immune System

Shiau and Wu (179) found that extracellular slime produced
by S. epidermidis interfered with macrophage phagocytic activ-
ity. Meluleni et al. (135) showed that the opsonic antibodies
made by patients with chronic cystic fibrosis were ineffective in
mediating phagocytosis and elimination of bacterial cells grow-
ing in biofilm microcolonies. Ward et al. (211) used a rabbit
model to show that bacterial growth within a biofilm on an
implanted peritoneal device was unaffected by the vaccinated
animal’s immune system (in terms of phagocytosis). The vac-
cinated animals had a 1,000-fold-higher titer of the antibody,
but it appears that the antibodies did not reach the surface of
bacterial cells within the biofilms. Yasuda et al. (220) found
that E. coli cells grown in a biofilm and then resuspended were
as sensitive to phagocytosis as normal (nonbiofilm) bacteria
but were less sensitive to the killing activity of the human
polymorphonuclear leukocytes in vitro. They hypothesized that
the increase in resistance was the result of an increase in
resistance of the biofilm bacteria to killing by active oxygen
species in the polymorphonuclear leukocytes. These results
lead to the conclusion that organisms detaching from a biofilm
on a medical device or other infection could overcome the
immune system more readily to cause an infection.

Provision of a Niche for the Generation of
Resistant Organisms

It has been shown that bacteria can exchange plasmids by
conjugation within biofilms, and resistance factors may be car-
ried on a plasmid. Hausner and Wuertz (80) showed plasmid
transfer between E. coli and Alcaligenes eutrophus in laborato-
ry-grown biofilms. Roberts et al. (165) also demonstrated con-
jugation between different genera in an oral biofilm. The phys-
ical proximity of cells within microcolonies in biofilms would be
expected to favor conjugation over the same process among
suspended (planktonic) organisms. This was in fact demon-
strated by Ehlers and Bouwer (61), who showed that conjuga-
tion rates between different species of Pseudomonas were sig-
nificantly higher in biofilms (transconjugant/recipient ratio,
approximately 10�2) than for the same organisms under plank-
tonic conditions (transconjugant/recipient ratio, approximately
10�7). This could be especially relevant in the case of indwell-
ing medical device biofilms, where resistant organisms could
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be spread from patient to patient on the hands of health care
workers.

INTERVENTION STRATEGIES

When the inherent resistance of biofilms to industrial bio-
cides was first discovered, this property was attributed to a
limitation in mass transfer conferred by the matrix material
(41). However, it was soon revealed that the matrix of a biofilm
limits diffusion only when the diffusing molecule actually reacts
with the matrix material (186). The biofilm phenotype is re-
markably resistant to antibacterial agents, including antibiotics
(149), and biofilm cells are also remarkably resistant to the
bactericidal effects of metal ions, including copper and silver.
Wild strains of many different species of bacteria colonize the
surfaces of these metals very avidly, and some of the thickest
and most luxuriant clinically relevant biofilms have formed
naturally on the copper wires of IUDs (127).

Extensive attempts to control biofilm formation in industrial
systems by manipulation of the metallurgy and the surface
characteristics of pipes and vessels have all failed. We can
expect an equal lack of success if we take this approach with
medical devices. Industry currently relies on mechanical clean-
ing and oxidative biocides; the former removes biofilms, and
the latter gradually dissolves the biofilm matrix material and
eventually kills the sessile cells. As Winston Churchill is sup-
posed to have said, “Those who do not understand history are
doomed to repeat it!”

That being said, intervention strategies currently used for
biofilm control will either (i) prevent initial device contamina-
tion, (ii) minimize initial microbial cell attachment to the de-
vice, (iii) penetrate the biofilm matrix and kill the biofilm-
associated cells, or (iv) remove the device. The following
specific treatments have been proposed for several of the med-
ical devices already discussed.

Prosthetic Heart Valves

Generally, antibiotics are prescribed for prolonged periods
(up to 8 weeks, depending on the antimicrobial agent pre-
scribed and organism to be treated) (55), though it has been
noted that relatively few patients can be cured by antimicrobial
therapy alone (77). Illingworth et al. (87) described a silver-
coated sewing cuff from a St. Jude mechanical heart valve
which was designed to prevent microorganism attachment and
colonization. The coating (termed silzone) was a dense layer of
metallic silver deposited on the individual fibrils designed to
inhibit attachment. These authors implanted this fabric mate-
rial into a guinea pig artificially infected with Staphylococcus
epidermidis. By measuring inflammation, they showed that the
silzone-coated fabric produced less inflammation than un-
coated fabric.

To document the efficacy of this approach, Carrel et al. (24)
described both in vitro studies with a number of organisms and
a case study of a patient who received a silver-coated St. Jude
valve. However, Kjaergard et al. (103) found that prosthetic
valve endocarditis could not be prevented by implantation of
the St. Jude silver-coated valves and ultimately replaced the
patient’s infected valve with an aortic homograph. They noted
that the St. Jude silver-coated valve may be effective in vitro

but that it does not protect the tissues surrounding the pros-
thesis; this position was supported by Cook et al. (34).

Central Venous Catheters

Several strategies for controlling biofilms on CVCs have
been suggested, including using topical antimicrobial oint-
ments, minimizing the length of catheterization, using in-line
filtration of intravenous fluids, using a surgically implanted cuff
to the catheter, coating the inner lumen with antimicrobial
agents, and (as a last resort) removing the device (123). Maki
and Band (122) found that topical antimicrobial agents pro-
vided only modest protection against catheter-related infec-
tions, and this protective effect was primarily for peripheral
venous catheters in place for more than 4 days.

Freeman and Gould (69) found that 0.05% sodium met-
abisulfite added to the introphic agents delivered to the left
atrial system with a catheter acted as an intravenous antiseptic
and eliminated left atrial colonization and endocarditis. The
same basic approach was used by Wiernikowski et al. (214),
except that sterile saline was used as the locking agent; the
time to infection was increased twofold by use of this treat-
ment. A subcutaneous collagen cuff impregnated with silver
has been tested and found in some studies to prevent blood-
stream infection (68, 125, 162), though Raad (162) noted that
this treatment was ineffective for catheters in place for more
than 10 days. The silver acts as a biocidal agent to prevent the
attachment and growth of bacteria.

Another approach for controlling biofilms on CVCs has
been to impregnate the catheter with either silver salts or
antibiotics. Table 5 compares a number of these catheters and
their efficacy in preventing biofilm formation and bloodstream
infection. Veenstra et al. (206) reviewed the results of 13 dif-
ferent clinical studies (2,830 catheters) in which antibiotic-
impregnated catheters were compared with untreated cathe-
ters. They concluded that central venous catheters
impregnated with chlorhexidine combined with silver sulfadi-
azine were effective in reducing the incidence of catheter col-
onization and catheter-related bloodstream infections in pa-
tients at high risk for catheter-related infections. Darouiche
(44) reviewed the various CVC treatments incorporating silver
and found that silver-chelated collagen cuffs were threefold
less likely to be colonized and fourfold less likely to cause
bloodstream infection than uncuffed catheters, that CVCs
coated with silver alone were clinically ineffective, that CVCs
coated with chlorhexidine and silver sulfadiazine provide
short-lived protection, since the internal lumen of the catheter
is not treated, and that silver ionophoretic CVCs have been
shown to be protective against Staphylococcus aureus in a rab-
bit model system, though clinical studies have yet to be done.

Urinary Catheters

Control strategies that have been used to inhibit biofilm
formation on urinary catheters include antimicrobial oint-
ments and lubricants, bladder instillation or irrigation, antimi-
crobial agents in the collection bags, impregnating the catheter
with antimicrobial agents (silver oxide), and using systemic
antibiotics for prophylaxis in catheterized patients (99). Sedor
and Mulholland (175) also noted that the material of catheter
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construction might also be important; silicone catheters ob-
struct less often than latex, Teflon, or silicone-coated latex in
patients prone to catheter encrustation.

Darouiche (44) reviewed the efficacy of various types of
silver-coated indwelling medical devices. Two categories of
treated bladder (urinary) catheters were discussed, those
coated with silver oxide and those coated with silver hydrogel.
With the silver oxide-coated catheters, there have been mixed
results in human clinical trials. With the silver hydrogel-coated
catheters, one prospective study indicated that the incidence of
bacteriuria was reduced by 30% for patients who received the
treated catheters, and this effect apparently was due to protec-
tion from gram-positive bacteria or yeasts. Saint and Lipsky
(171) reviewed eight different randomized, controlled trials
and found that silver alloy catheters were significantly better
than untreated catheters, while silver oxide catheters were not.
They opined that silver alloy catheters could be considered for
patients at highest risk for developing serious consequences
from a urinary tract infection, though other investigators have
questioned their conclusions (174).

Table 6 provides a list of treatments which have been eval-
uated against biofilms on urinary catheter biofilms. Figure 7
also shows the effect of the urease inhibitor acetohydroxamic
acid on Proteus mirabilis encrustations on silicone catheters.

Contact Lenses

Several studies have compared the efficacy of contact lens
storage and cleaning solutions against bacterial biofilms on
lens storage cases. Wilson et al. (218) compared quaternary
ammonium compounds, chlorhexidine-gluconate, and hydro-
gen peroxide and found that 3% hydrogen peroxide was most
effective in inactivating bacterial biofilm organisms that were
24 h old (Serratia marcescens, P. aeruginosa, S. epidermidis, or

Streptococcus pyogenes). Biofilms of C. albicans, on the con-
trary, were highly resistant to all treatments, including hydro-
gen peroxide. Another study found that sodium salicylate was
effective in decreasing initial bacterial adherence to lenses and
cases (64). However, one study found that biofilms could be
detected on contact lenses removed from patients with micro-
bial keratitis whose lens storage cases were treated according
to the manufacturer’s instructions with disinfectants such as
hydrogen peroxide and chlorine release systems (133). Gandhi
et al. (72) showed that Serratia marcescens could grow in chlor-
hexidine disinfectant solutions.

Further research is needed to determine the efficacy of dis-
infectant solutions against model system biofilms and natural
biofilms on contact lenses that have been removed from pa-
tients with an active infection.

Dental Unit Water Lines

Flushing has been suggested as one treatment for reducing
the planktonic bacterial load that originates from the tubing
biofilms (177); however, several studies have shown that flush-
ing alone is ineffective in significantly decreasing bacterial con-
tamination (132, 173, 216). Mills et al. (138) suggested that
povidone iodine be used to reduce microbial contamination.
They demonstrated that treated tubing samples contained be-
tween 4 and 5 logs fewer bacteria per ml initially following
treatment with povidine iodine, but the levels returned to pre-
treatment levels within 22 days. Fiehn and Henriksen (67)
showed that treatment with 0.5 to 1 ppm free chlorine for 10
min each day reduced normal bacterial counts by about 2 logs
from pretreatment levels. When chlorination was discontin-
ued, the counts continued to increase. However, Murdoch-
Kinch et al. (143) found that chlorination (1:10 bleach) of

TABLE 5. Antimicrobial coating treatments that have been evaluated for the control of biofilms on central venous catheters (CVCs)

Reference Treatmenta Evaluation criteriab Resultsc

45 MR compared to CS Patient study, 356 MR-CVC compared to
382 CS-CVC, avg D 
 8.4, roll tip or
sonication

MR, 7.9% colonized, 0.3% BSI; CS, 22.8%
colonized, 3.4% BSI; MR significantly
more effective

124 CS compared to
untreated control

Patient study, 208 CS-CVC compared to
195 untreated control-CVC, avg D 

6, roll tip

CS, 13.5% colonized, 1.0% BSI; control,
24.1% colonized, 4.7% BSI; CS
significantly more effective

97 TC compared to
untreated control

Patient study, 97 TC-CVC compared to
81 untreated control-CVC, avg D 
 7,
roll tip

TC, 2.06% colonized, no BSI; control,
13.6% colonized, no BSI; TC
significantly more effective

10 Silver ions compared to
untreated control

Patient study, 34 SI-CVC compared to 33
untreated control-CVC, avg D 
 4.49
(SI) and 4.06 (control), sonication

SI, 52.9% colonized; control, 57.6%
colonized; no significant difference

19 Silver(s) compared to
untreated control

Patient study, 86 S-CVC compared to 79
untreated control-CVC, median D 
 9
(S) and 8 (control), roll tip

S, 14% colonized, 4.65% CAI; control,
22.8% colonized, 16.5% CAI; S
significantly more effective

7 Heparin compared to
untreated control

Patient study, 13 H-CVC compared to 19
untreated control-CVC, D not given,
semiquantitative and quantitative
method

H, 31% colonized, no BSI; control, 74%
colonized, 26.3% BSI; H significantly
more effective

—d Ciprofloxacin compared
to untreated control

Laboratory study, P. aeruginosa in a flow
cell, D 
 300 min

�50% reduction in attachment compared
to control

a MR, minocycline plus rifampin; CS, chlorhexidine plus silver sulfadiazine; TC, tridecylmethylammonium chloride plus cephalosporin.
b D, duration of catheter insertion (in days); SI, silver ion; S, silver; H, heparin. Roll tip method or sonication method used for quantification of catheter colonization.
c BSI, bloodstream infection; CAI, catheter-associated infection.
d Reference: C. Kwok, S. Hendricks, C. Wan, J. D. Bryers, B. D. Ratner, and T. Horbett, Proc. 23rd Int. Symp. Controlled Release Bioactive Mat., p. 230–231, 1996.
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systems already contaminated with biofilms was ineffective in
removing them.

The problem may lie in the fact that dental unit water lines
are very small in diameter, present a very high surface-to-
volume ratio and relatively low flow rates, and are ideal for
colonization with aquatic bacteria, leading to biofilm forma-

tion. Other methods of treatment, such as use of separate,
sterile water supplies and filtration, have also been suggested
(143).

Novel and Unproven Strategies

Numerous biofilm control strategies have been proposed.
Because of concerns with device compatibility or effects on the
patient, many such treatments cannot be considered for med-
ical devices. Nevertheless, several merit further investigation.
Zips et al. (223) showed that ultrasound treatment removed up
to 95% of Pseudomonas diminuta attached to ultrafiltration
membranes. Huang et al. (85) demonstrated the efficacy of
ultrasound against P. aeruginosa biofilms on steel and also
showed that this treatment improved the efficacy of gentamicin
against the same biofilms. Blenkinsopp et al. (17) found that
low-strength electrical fields (plus or minus 12 V cm�1) com-
bined with a low current density (plus or minus 2.1 mA cm�2)
enhanced the efficacy of several commercial biocides at levels
below the threshold for efficacy against planktonic cells, as
shown in Fig. 8.

In light of the fact that biofilms comprise both cells and
extracellular polymeric substances, treatments that either
eradicate or penetrate the extracellular polymeric substances
might also be effective. For example, Johansen et al. (93)
showed that a mixture of enzymes was effective in eradicating
laboratory-grown biofilms of several different organisms.
Though the extracellular polymeric substance matrix of bio-
films may be highly variable, especially between different or-
ganisms, it might be possible to identify the polysaccharides for

TABLE 6. Examples of selected urinary catheter biofilm control treatments

Reference Treatment Results

190 Systemic ciprofloxacin therapy in catheterized patient Inhibited catheter plugging for 10 wk
191 Latex catheter coated with either silicone, hydrogel, or

silver-hydrogel in in vitro assay
Rate of swarming by Proteus mirabilis over catheter surface

slowest (most effective) on silicone, highest (least
effective) on hydrogel

142 Catheters coated with either hydrogel, silver, silicone, or
Teflon in model bladder system containing Proteus
mirabilis

Silicone provided longest time to blockage (most effective);
hydrogel-silver had the shortest time to blockage (least
effective); none completely resisted colonization

141 Urease inhibitors (acetohydroxamic acid [1 mg/ml] and
fluorofamide [1 mg/ml]) in model bladder system
containing Proteus mirabilis

Both treatments lowered calcium and magnesium
concentrations on catheter surface and reduced urine
pH from 9.1 to 7.6

188 Chlorhexidine (200 �g/ml); mandelic acid (1%); lactic
acid (1%); mandelic acid � lactic acid (0.5% each); and
providone iodine (1%) in model bladder system
containing Citrobacter diversus, P. aeruginosa, and
Enterobacter faecalis

Mandelic acid and mandelic acid � lactic acid reduced
biofilms for all three organisms

145 Tobramycin (200 �g/ml) in model system containing P.
aeruginosa

Treatment prolonged lag phase and slowed biofilm
formation rate

149 Tobramycin (1,000 �g/ml) in model system containing
silko-latex catheter discs and P. aeruginosa

Treatment resulted in 3-log reduction of biofilm;
planktonic cells completely inactivated at 50 �g/ml

153 Systemic amdinocillin at increasing concns in catheterized
rabbit model system

Ineffective at levels below 400 mg/kg

157 Ciprofloxacin-loaded liposomes in hydrogel coatings on
silicone catheters in a catheterized rabbit model
inoculated with E. coli

Treatment increased time to urinary tract infection (50%)
compared to untreated hydrogel-coated catheter

95 Various gram-positive and gram-negative bacteria exposed
to catheter segments containing a nitrofurazone matrix
coating in an in vitro assay

All strains except P. aeruginosa inhibited to some extent by
the treatment

94 Various multidrug-resistant gram-positive and gram-
negative bacteria exposed to catheter segments
containing a nitrofurazone coating in an in vitro assay

All strains except vancomycin-resistant enterococci
inhibited by the treatment

FIG. 7. Effect of acetohydroxamic acid, a urease inhibitor, on the
encrustation of silicone catheters by Proteus mirabilis biofilms. Each
value is the mean calculated from three replicated experiments. ��,
significant difference (P � 0.01) from the control values (analysis of
variance). The mean values for the log of the number of viable cells per
milliliter of urine at 24 h were 8.02 (control), 8.16 (0.01 mg of aceto-
hydroxamic acid per ml), 8.20 (0.5 mg/ml), and 8.09 (1.0 mg/ml).
Reprinted from reference 141 with permission of Springer-Verlag Co.
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a specific organism in a biofilm and treat the biofilm with that
enzyme. Hatch and Schiller (79) showed that alginate lyase
allowed more effective diffusion of gentamicin and tobramycin
through alginate, the biofilm polysaccharide of P. aeruginosa.

Davies et al. (48) showed that signaling molecules (acyl-
homoserine lactones) were involved in biofilm architecture and
detachment, and it has been suggested that novel treatments
might be based on disruption of these quorum-sensing systems
(48, 78, 193). In addition, since younger biofilms are more
susceptible to antimicrobial agents than are older biofilms of
the same organism (as already discussed), development of non-
invasive techniques that detect early biofilm formation might
result in greater success in their treatment and removal. A
number of laboratories are currently attempting to elucidate
the genes that are activated or repressed during initial biofilm

formation. In the future, treatments that inhibit the transcrip-
tion of these genes might be able to completely inhibit biofilms.

CONCLUSIONS

Bacterial cells have grown in the biofilm phenotype for bil-
lions of years, as a part of their successful strategy to colonize
most of this planet and most of its life forms. We have only
recognized this distinct phenotype as the predominant mode of
bacterial growth for the last two decades. Initially, biofilms
attracted our attention because we could detect them by direct
methods, and our approach to understanding them was neces-
sarily descriptive and somewhat academic. During the past 5
years, studies of this distinct phenotype have provided a ratio-
nal explanation for this pattern of gene expression, and bio-
films can now be defined in genetic terms.

The medical importance of these scientific and engineering
studies now resides not in scholarly interest, but in our ability
to explain the characteristics of device-related and other
chronic infections and to design strategies to counter their
refractory nature. All of the chronic infections described in this
review share the fundamental characteristics of all bacterial
biofilms. Their distinct phenotype makes them resistant to
antibacterial agents, and their matrix makes them resistant to
the antibacterial molecules and cells mobilized by the host.
While many biofilm infections are “stealthy,” in that they de-
velop slowly and initially produce few symptoms, they may be
very damaging because they promote immune complex se-
quelae and act as reservoirs for acute exacerbations.

In surveying the extent of this current invasion of our health
care facilities by “environmental” pathogens, we have hereto-
fore depended on the direct demonstration of matrix-enclosed
biofilms on the colonized device or in the infected tissue. This
diagnostic feature is unequivocal and useful, but we should
now begin to examine any infection that is refractory to anti-
biotic therapy and to host defenses in terms of the genes that
are expressed to produce the refractory bacterial phenotype.
Furthermore, we must begin to use the biofilm phenotype of
each chronic pathogen in the development of new vaccines and
antibiotics aimed at biofilm-specific targets and in studies of
the causes and means of controlling this burgeoning group of
diseases.
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