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With the benefit of hindsight, it is possible to
detect a very gradual but profound shift in the
nature of the diseases that affect patients in the
developed world. Many acute diseases caused
by specialized pathogens with specific patho-
genic mechanisms, such as typhoid and diph-
theria, have been largely eradicated by the use
of effective vaccines and modern antibiotics.
Their places among the “Horsemen of the
Apocalypse” have been taken by a different
type of infection, caused by organisms that
were previously thought to be saprophytic or
environmental, whose sole pathogenic mecha-
nism is often the ability to persist in spite of host
defenses and antibiotic chemotherapy. These
low-grade infections often develop very
slowly, with only a few symptoms, and they
usually affect individuals who are compromised
by some physiological defect (e.g., cystic fibro-
sis or diabetes) or by the implantation of a for-
eign body, such as a medical device. Direct
observations of infected tissues from compro-
mised individuals, and of the surfaces of medi-
cal devices that have become foci of chronic
infections, have shown that the causative or-
ganisms actually grow in biofilms in which they
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are embedded in copious amounts of exopoly-
saccharide matrix material. The study of bacte-
rial biofilms is more advanced in the engineer-
ing field than in the medical field, but the
simple realization that biofilms are involved in
chronic infections opens the way for a massive
transfer of valuable information from the engi-
neering realm to the medical realm and for its
application to the treatment of infectious dis-
eases.

INSIGHTS FROM BIOFILM
MICROBIOLOGY

Serendipitously, the organism that predomi-
nates in virtually all cold-water systems (Pseu-
domonas aeruginosa) is also responsible for many
device-related and other chronic infections,
and biofilm microbiologists who study envi-
ronmental and industrial systems are very fa-
miliar with biofilms formed by this species.
Even the most anthropocentric among us can-
not attribute mental processes to prokaryotic
cells, so we must assume that they follow the
same growth and survival strategies in the
human body that have made them so very suc-
cessful in the environment and in industrial sys-
tems. P. aeruginosa first came to the attention
of biofilm microbiologists because it predomi-
nates in cold alpine streams (8) and grows pre-
dominantly (99.99%) in biofilms in’this natural
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habitat. We know that bacteria have inhabited
freshwater streams for much longer than eukary-
otic organisms have existed on earth, so the
pronounced tendency of this ubiquitous bac-
terium to grow in biofilms in its real habitat
sends us a clear message of importance to medi-
cal microbiology. In the original observations,
two parallel teams of microbial ecologists found
the rocks along the streams coated with thick
biofilms (>102 cells/cm?), while the bulk water
phase of the alpine stream ecosystem contained
only 8 to 10 cells/ml. This predominance of the
biofilm mode of growth has been confirmed in
literally hundreds of stream environments, in
industrial water systems, and in hospital water
and air conditioning systems (7). Basic observa-
tions of the predominance of biofilms in natural
habitats have now been extended to almost all
bacterial species, including gram-positive bac-
teria, and the only exceptions seem to be
among organisms that live in mucus layers (e.g.,
Campylobacter) and among intercellular patho-
gens. In environmental and industrial microbi-
ology, as in medical microbiology, bacteria that
are removed from their natural ecosystems and
grown in monospecies cultures in liquid media
quickly adapt to this very artificial system and
adopt the planktonic mode of growth almost
exclusively. Two reasons for this adaptation to
growth in pure culture appear to be the higher
growth rate of planktonic cells, in the absence
of antagonists, and the fact that biofilm cells are
left behind on the walls of test tubes when lig-
uid cultures are propagated by the traditional
methods of subculture. Liquid monospecies
cultures are certainly necessary for studies of
the genetics or the physiology of individual
species, but it is very sobering to realize that
this almost universal culture method induces a
mode of growth that differs profoundly from
that adopted by almost all organisms in nature
and in most modern infections.

Engineers in the Center for Biofilm Engi-
neering (CBE) have defined bacterial biofilms
in terms of their structures, their remarkable
physiological heterogeneity, and their phe-
nomenal resistance to antibacterial agents. En-
gineers favor direct observation over extrapola-

tion, and the main weapon in their arsenal for
the structural examination of biofilms is the
confocal scanning laser microscope (CSLM).
The CSLM allows us to visualize biofilms on
opaque surfaces, without fixation or dehydra-
tion, so that we can obtain clear images of liv-
ing biofilms in real time. CSLM observations
of living biofilms, including some formed by
one to three species in vitro and some formed
in natural ecosystems, showed unequivocally
that biofilms are composed of discrete micro-
colonies interspersed between open water
channels that communicate with the bulk fluid
(Fig. 1). Some of these microcolonies are
shaped like mushrooms, and some assume dif-
ferent shapes described as “‘stacks” or “towers,”’
but all contain sessile bacterial cells embedded
in a hydrated exopolysaccharide matrix whose
viscoelastic properties become evident under
high-shear conditions (31). The CBE has es-
tablished the fact that most biofilms assume this
microcolony and water channel structure, in-
cluding all biofilms formed by the few gram-
positive species examined to date, and the most
significant consequence of this new observa-
tion is that we must now explain how these
elaborate structures are established and main-
tained. Kolter and colleagues have shown (22)
that planktonic cells of P. aeruginosa maneuver
on a surface, following initial association, and
form aggregates that develop into microcol-
onies when matrix formation is ‘“‘switched on”
(12). It is clear that these initial stages of biofilm
formation are controlled by signals, analogous
to the hormones and pheromones that control
morphogenesis and behavior in higher organ-
isms. The subsequent structural developments
that lead to the microcolony and water channel
structures of mature biofilms are even more
complex, and we must invoke an even more
complex set of signals to control this morpho-
genesis and to explain the persistence of open
water channels when random growth would
rapidly occlude them. Mature biofilms ob-
viously constitute primitive multicellular or-
ganisms (7), and their signaling systems may
constitute a new target for manipulation as we
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FIGURE 1 Diagrammatic representation of the cellular structure of a microbial biofilm
showing the directly observed shapes of matrix-enclosed microcolonies and intervening
water channels, in which convective flow occurs.

think about methods to control their formation
in infections.

The tendency of engineers to make direct
observations, and their skill with miniature in-
struments, has shown that the complex struc-
tures of bacterial biofilms produce equally
complex physiological patterns within these
sessile populations. Lewandowski and his team
of engineers and microbiologists have used
very fine (<10-pwm) microelectrodes to map
characteristics such as dissolved oxygen and pH
within biofilms (25), and the data are at once
fascinating and disturbing. A map of dissolved
oxygen concentrations in a biofilm produced
by cells of P. aeruginosa (Fig. 2) shows that some
of the sessile cells that compose this sessile com-
munity grow aerobically while some experi-
ence a completely anaerobic environment. Di-
rect observations of the rates of metabolic
activity of sessile cells at various locations
within biofilms, using chemical probes that
measure reducing power, show an equally het-
erogeneous pattern (38—40). The consequence
of this remarkable physiological heterogeneity
within biofilms is that there are sessile cells in
any mature biofilm that are growing in a huge
variety of physiological states and at an equally

wide variety of rates. This physiological heter-
ogeneity is a powerful survival mechanism for
sessile communities, because any antibacterial
agent must kill all of the cells growing in all of
the different physiological states or the cells that
survive in any given microcolony will simply
propagate and reestablish the biofilm in a mat-
ter of hours.

Engineers are accustomed to thinking in
terms of mass transfer when they consider the
penetration of any molecule through a matrix.
These concepts, and the methods that are used
to support them, have been very useful in the
examination of the penetration of antibacterial
agents through the matrices of biofilms with
the objective of killing sessile organisms. Stew-
art and his team of engineers and microbiolo-
gists have examined the penetration of both
biocides and antibiotics through biofilms (4,
13; P. S. Stewart, F. Roe, J. Rayner, J. G. Elk-
ins, Z. Lewandowski, U. A. Ochsner, and D.
J. Hassett, submitted for publication; J. A. An-
derl, P. S. Stewart, and M. J. Franklin, submit-
ted for publication); they have concluded that
the biofilm matrix presents only a minor barrier
to penetration except in cases in which the
agent reacts chemically with the matrix mate-
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FIGURE 2

Isobar map of dissolved oxygen concentration as measured directly in a living biofilm by the use

of a microelectrode, showing that the centers of microcolonies can be essentially anoxic, even when the biofilm

is growing in ambient air.

rial. The penetration of an antibacterial agent
can be monitored by using the exquisitely sen-
sitive noninvasive technique of attenuated total
reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) (35, 38) to determine
when the molecule in question reaches the col-
onized substratum. The CBE team can also
monitor penetration by mapping the positions
of the surviving sessile cells (19). The biofilm
matrix may act as a barrier to the penetration
of antibacterial agents if these molecules react
with or bind to the matrix material (which is
usually an anionic exopolysaccharide), but this
barrier can be overcome by simply increasing
the concentration of the agent until it exceeds
that lost to reaction or binding (30). Limita-
tions in mass transfer are sufficient to explain
some low levels of resistance of biofilms to anti-
biotics, but they are not sufficient to account
for the 1,000- to 1,500-fold increases in resis-
tance seen when cells of most species form
these sessile populations (28). Most antibiotics
affect individual bacterial cells differently, de-
pending on the bacterial growth rate, and many
authors (1, 2) have suggested that the low
growth rates seen in some sessile cells may
make them inherently less susceptible to the

antibiotics that penetrate the matrix of the bio-
film. However, the growth rate is only one of
many physiological parameters that vary signif-
icantly in the different microcolonies that con-
stitute a biofilm, and such parameters as local
oxygen tension, pH, and local expression of
rpoS (16) may affect susceptibility to antibacte-
rial agents equally profoundly. To grasp the
clinical consequences of this physiological het-
erogeneity of biofilms, it is essential to remem-
ber that any sessile cell that survives the ons-
laught of an antibiotic finds itself embedded in
a matrix containing the remnants of all of its
dead neighbors, and the biofilm reforms very
quickly when therapy is finished.

A recent discovery that the cells of P. aerugi-
nosa assume a radically different phenotype
when they form biofilms may provide a more
complete explanation of the phenomenal resis-
tance of sessile populations to antibiotics. We
expected that the synthesis of alginate (the ma-
trix material of Pseudomonas biofilms) would be
triggered by the adhesion of these cells to a
surface; we have shown that one of these genes
(algC) is upregulated within minutes of adhe-
sion (12), and we assume that the whole algi-
nate cassette is expressed in this initial phase of
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FIGURE 3 Polyacrylamide gel electro-
phoresis gel showing the pattern of pro- 22
duction of OMPs by cells of P. aeruginosa

in the biofilm mode of growth (lane 5)
versus production by cells in the planktonic
mode of growth (lanes 1 to 4 and 6). The 14
differences in OMP production between
these cells indicate that the biofilm pheno-

type differs profoundly from the plank-
tonic phenotype (H. Yu and J. W. Coster-

ton, unpublished data).

biofilm formation. However, we were recently
surprised to note that the outer membrane pro-
teins (OMPs) of P. aeruginosa differ very radi-
cally (Fig. 3) between planktonic cells and bio-
film cells, indicating the existence of different
planktonic and biofilm phenotypes in the or-
ganism. The biofilm phenotype appears to in-
clude the expression of the oS gene (K. D.
Xu, unpublished data), which is normally ex-
pressed only in the stationary growth phase by
planktonic cells, and it is very significant that
this gene is expressed in bacterial cells re-
covered directly from the infected lungs of pa-
tients with cystic fibrosis (16). If bacterial cells
of other species also express a completely dif-
ferent set of genes when they are growing in
biofilms, we must reexamine much of the work
in medical microbiology that has been based
on studies of planktonic cells growing in mo-
nospecies cultures. Antibiotics have been
screened for their ability to kill planktonic cells,
and vaccines have been produced that include
the surface antigens expressed by planktonic

—IROMP

cells, but some pathogens actually growing in
the body may express a profoundly different
phenotype with different permeabilities and
different surface proteins. Perhaps, then, it is
not surprising that these antibiotics and vac-
cines have been effective against acute bacterial
diseases in which the pathogens grow in the
planktonic phenotype but much less effective
in the control of biofilm diseases (6).

If we try to imagine the bacterial survival
strategies that would have been effective in the
earliest stages of the development of life on this
planet, growth in stationary biofilms that were
protected from unfavorable conditions would
prevent bacteria from being swept into acid or
boiling downstream pools and from surges of
threatening water from upstream sources. Bio-
films predominate in modern hot spring areas
for exactly these reasons. Later in the develop-
ment of life, sessile bacteria would be protected
from the depredations of bacteriophage viruses
and primitive amoebae when they were in the
biofilm mode of growth. When we study natu-
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ral mixed-species biofilms taken directly from
rivers and streams, we can watch amoebae
cruise over the surfaces of biofilms and even
penetrate the water channels of these sessile
populations, but these phagocytic eukaryotes
capture and ingest only the few planktonic cells
that cannot enjoy the protection afforded by
the biofilm. We can, therefore, speculate that
bacteria adopted the essentially defensive bio-
film phenotype long before multicellular ani-
mals evolved and that they reverted to this
strategy when, as pathogens in the human
body, they were faced with the armamentar-
ium of antibodies and antibiotics thrown at
them by modern medicine. The large-scale use
of medical devices is a relatively new develop-
ment in medicine, and this provision of readily
colonizable surfaces may have selected for the
invasion of the body by a new class of patho-
gens whose main pathogenic mechanism is
their ability to produce well-defended biofilms.
This might explain the recent success in the
hospital environment of species (e.g., P. aerugi-
nosa and Legionella pneumophila) that were al-
ready notably successtul biofilm formers in
lakes and rivers or notably successful but innoc-
uous colonizers of the human skin (Staphylococ-
cus epidermidis). Medical microbiology has been
very successful in the control of acute plank-
tonic pathogens, but now it must employ some
of the techniques of microbial ecology in order
to deal with the new biofilm pathogens that
have “crept out of the swamp” to attack those
who are compromised by physiological defects
or by the implantation of medical devices.

BIOFILM INFECTIONS OF MEDICAL
DEVICES

Our clinical colleagues, notably Marrie and
Gristina, have reported that bacterial infections
associated with medical devices are generally
resistant to host defense mechanisms and re-
fractory to antibiotic chemotherapy (18). Be-
cause environmental and industrial biofilms are
also resistant to phagocytic cells (amoebae) and
refractory to treatment with biocides, we ex-
amined the surfaces of devices and associated
tissues from these infections to determine

whether the causative organisms grow in bio-
films. Even though the morphological methods
available at that time (scanning and transmis-
sion electron microscopy) depended on radical
dehydration of the specimens, it was immedi-
ately obvious that the bacterial cells involved
in these infections grew in biofilms identical to
those seen in our previous studies. The bacte-
rial cells on the surfaces of either urinary cathe-
ters (28) or pacemaker leads that had been the
foci of device-related infections were clearly
seen to be embedded in fibrous material even
though this matrix was severely condensed by
dehydration (Fig. 4). The pivotal role of bio-
films in device-related and other chronic bac-
terial infections was proposed (8), and subse-
quent examinations of literally hundreds of
implanted medical devices have reinforced this
observation (17, 21). Virtually all transcutane-
ous medical devices acquire microbial biofilms
that travel into accessible internal tissues in a
matter of weeks, and devices that are simply
apposed to tissues (like urinary catheters and
intrauterine devices [IUDs]) often acquire bio-
films because they carry bacteria from colo-
nized tissues into normally sterile organs. Im-
planted medical devices may acquire biofilms
as a result of bacterial contamination during
surgery or subsequent hematogenous spread.
In the absence of a medical device, biofilms
may form on tissue surfaces because of a physi-
ological compromise (cystic fibrosis) or because
of tissue damage, such as the formation of
sequestrae of dead bone in the initial stages of
osteomyelitis (24). In rarer cases, bacterial bio-
films may form on the surfaces of healthy tissues
(e.g., prostate or endocardium) as a result of a
temporary failure of usually effective host de-
fense mechanisms. A partial list of biofilm dis-
eases that affect patients in developed countries
is presented in Table 1, and it has been esti-
mated that as many as 60% of the bacterial dis-
eases treated in this decade are actually biofilm
infections.

CHARACTERISTICS OF BIOFILM
DISEASES

While a biofilm infection can give rise to an
acute planktonic infection at any time, the bio-
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FIGURE 4 Scanning electron micrograph of an S. aureus biofilm on an endocardial pacemaker lead, showing
spherical bacterial cells embedded in dehydration-condensed matrix material. These biofilm cells were resistant
to a 6-week course of very high-dose antibiotic therapy.

film infection itself is not notably aggressive.
We have found that all Tenckhoft catheters
used in peritoneal dialysis (9) and all of the
Hickman catheters used in cancer chemother-
apy (33) are completely colonized with micro-
bial biofilms on both their external and lumenal
surfaces within 3 weeks of installation. Even
though these relatively intrusive devices are
completely colonized by bacterial biofilms,
most patients are asymptomatic, and acute in-
fections emanating from these sessile bacterial
populations occur relatively rarely and appear
to depend more on the host defenses than on
the presence of the biofilms (10). Some of the
most abundant biofilms that we have seen on
medical devices occur on the surfaces of the
copper wires that form parts of some [UDs
(Fig. 5), but endometrial infections associated
with these devices are very rare. The amount
of surface area colonized by bacterial biofilms

appears to have some bearing on the ability of
these smoldering infections to trigger an acute
infection, with dissemination of planktonic
cells. For example, small pacemaker leads ap-
pear to be well tolerated, while the total artifi-
cial heart is not (17). The role of host defenses
in controlling biofilm infections is discussed
below.

The characteristic that distinguishes chronic
device-related infections most clearly from
acute bacterial infections is the response to an-
tibiotic chemotherapy. While many acute in-
fections can be eradicated by a single brief
course of systemic antibiotic therapy, biofilm
infections often respond incompletely and then
recur. The first detailed examination of a de-
vice-related bacterial infection involved a pa-
tient who presented with a Staphylococcus aureus
bacteremia secondary to an olecranon bursitis
(26). The patient had been fitted with an endo-
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TABLE 1 Partial list of human infections involving biofilms*

Infection or disease

Common biofilm bacterial species

Dental CarIes ....vvvvivviiieeeeeeeeee e eeeeer et e e e e e
PeriodOntitis. ... .vvveiieiiieeeeeeeee et eee e

OIS TNEAIA . .vvvveeeeeeeeeeieiiiieeeeee e e e e e e e e e e e e e e e

Musculoskeletal INfeCtions........eeeeveeeririiieieiiiiieeeciieeeeees
Necrotizing fasciitiS..........cccvereiiiriiiieiiieiceieee e

Biliary tract Infection ............ccceeviiiiiniiiiiiieee e

Osteomyelitis

Bacterial prostatitis

Native valve endocarditis ........ccovveerieriireiiiieieiiiceeeeeeene
Cystic fIbrosis pneumonia .........ccocveiiiiiiinieneeee s
MELOTAOSIS . ....vvveeeeiieee et

Nosocomial infections

Intensive-care Unit pneUumMONIa........ccoecueieeiviiieeeeineenn
SULUTES ...eeeeeeiivee e e ettt e e ettt e et s ee e e e e eennnnes
EXAE STEES 1oeiiieeiiieiiiiiieieeeeeeee e e et ee e e e e e e e e e
Arteriovenous ShUNES.........coveiiiiiiiiieeeieeeeeeeee e
Schleral buckles.........cccooiiiieeieeiie e

Contact lens

Urinary catheter CyStits..........ocoovriimirnnirioecieceen,
Peritoneal dialysis (CAPD)® peritonitis ............ccooeerveeee..

Hickman catheters

Central venous catheters ...........ccocovviiiiiiiiiiiniecee,
Mechanical heart valves...........occcoviiiiiiiiiiiii
Vascular grafts .........cccoocoiiiiiiiiiiiiie
Biliary stent blockage .........c.oooiiiiiiiiii
Orthopedic devices .........coooiiiiiiiiiiiiiie
Penile prostheses ...

.......... Acidogenic gram-positive cocci (e.g., Streptococcus)
............ Gram-negative anaerobic oral bacteria

........... Nontypeable strains of Haemophilus influenzae
............ Gram-positive cocci (e.g., staphylococci)

............ Group A streptococci

............ Enteric bacteria (e.g., E. colf)

Various bacterial and fungal species, often mixed

E. coli and other gram-negative bacteria

............ Viridans group streptococci
............ P. aeruginosa and Burkholderia cepacia

........... Pseudomonas pseudomallei

............ Gram-negative rods
............ S. epidermidis and S. aureus
............ S. epidermidis and S. aureus
............ S. epidermidis and S. aureus
............ Gram-positive cocci

P. aeruginosa and gram-positive cocci

........... E. coli and other gram-negative rods
............ A variety of bacteria and fungi

Actinomyces israelli and many others
A variety of bacteria and fungi
S. epidermidis and Candida albicans

............ S. epidermidis and others

............ S. aureus and S. epidermidis

............ Gram-positive cocci

............ A variety of enteric bacteria and fungi
............ S. aureus and S. epidermidis

............ S. aureus and S. epidermidis ,

“ Taken from reference 6 with permission.
» CAPD, chronic ambulatory peritoneal dialysis.

cardial pacemaker many years previously, and
Marrie speculated that the planktonic bacteria
that had caused the bacteremia could have col-
onized the plastic and metal surfaces of the
pacemaker lead. Following 6 weeks of therapy
with cloxacillin and rifampin, the pacemaker
lead was removed and was found to be colo-
nized by a biofilm composed of spherical cells
(Fig. 4), and plating of macroscopic biofilm
material scraped from these surfaces yielded
>10® cells of S. aureus. From this case study it
was clear that sessile cells of this gram-positive
pathogen could survive prolonged exposure in
vivo to relatively high levels of antibiotics that
would readily have killed planktonic cells of
the same species.

The exact extent of the inherent resistance
of sessile bacteria to antibiotics required in vitro
experimentation. P. aeruginosa biofilms that had
been formed on urinary catheter material in
flowing urine were treated with a variety of
different antibiotics (28). These experiments,
and many subsequent experiments by indepen-
dent investigators, have now established that
sessile bacterial cells are up to 1,000 times as
resistant to antibiotics as their planktonic coun-
terparts (7). It is clear that biofilm formation is
a common survival strategy that serves pro-
karyotic organisms well in the human body,
just as it serves them very well in environmen-
tal and industrial systems. Here, the experience
of biofilm microbiologists who work in indus-
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FIGURE 5  Scanning electron micrograph of a mixed-species bacterial biofilm on the copper component of a
Copper 7 IUD worn by an asymptomatic patient.

trial systems can be useful in medical microbi-
ology, because these people, who live with bio-
film problems every day, have usually resorted
to mechanical removal of sessile populations
followed by high-dose biocide treatment.
Practical clinical wisdom dictates that colo-
nized devices must often be removed before
the infections associated with them can be re-
solved by antibiotic therapy (21, 27).

Just as the inherent antibiotic resistance of
biofilm infections correlates well with similar
resistance to industrial biocides, the character-
istic chronicity of these infections (6) correlates
well with observations of biofilms in other eco-
systems. Phagocytic white blood cells are as in-
effective as wild amoebae in ingesting sessile
bacteria (20), and nascent biofilms composed
of only a few microcolonies of four to six cells
enclosed in matrix material resist phagocytic
clearance, even in fiercely defended sites like
the peritoneum (36). The humoral immune
system is stimulated by the presence of sessile

bacteria growing in biofilms and by the frus-
trated response of phagocytic cells, and biofilms
growing in tissues (like P. aeruginosa biofilms
in the lung in cystic fibrosis) are seen to be
surrounded by masses of immune complex
(Fig. 6). Lam et al. (23) have shown that anti-
bodies against P. aeruginosa are ineffective in
clearing the pathogens in cystic fibrosis, and
Cochrane et al. (5) have shown that the forma-
tion of immune complexes stimulates damag-
ing cellular responses in which lysosomal en-
zymes are released. Generally, then, the body’s
host responses to biofilms are at best ineffective
and at worst severely damaging to adjacent tis-
sues. Some clinicians have resorted to immune
suppression in order to dampen the body’s im-
mune reaction to the presence of sessile bacte-
ria, which may persist for decades in such
chronic diseases as cystic fibrosis and prostatitis,
and thus to minimize tissue damage by frus-
trated phagocytosis.

The least understood characteristic of bio-
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FIGURE 6 Transmission electron micrograph of a matrix-enclosed microcolony of cells of P. aeruginosa in the
lung of a rat with a model infection designed to mimic cystic fibrosis in human patients. Note the dehydration-
related shrinkage of the matrix material and the dark “crust” of immune complex material surrounding the
microcolony.

film infections, including those associated with
medical devices, is their cryptic, or indolent,
nature. Again, this characteristic is explained
by recent discoveries in biofilm microbiology.
Biofilms are composed of bacterial cells (* 15%
by volume) embedded in a voluminous exopoly-
saccharide matrix (#85% by volume) in dis-
crete microcolonies. Polysaccharides are gen-
erally poorly immunogenic and are not notably
inflammatory, so the cellular and humoral im-
mune systems of the body “see” only the lipo-
polysaccharide and protein molecules that pro-
trude from the immunologically sequestered
biofilm. For this reason, large areas of the sur-
faces of medical devices may be colonized
without the patient suffering any detectable
symptoms (10). On the other hand, biofilms
are programmed to regularly release planktonic

cells from the earliest stages of their formation
on a surface, and the total number of plank-
tonic cells that challenge the body’s defenses
depends on the size of the colonized area that
is shedding these highly inflammatory cells. In
our studies of transcutaneous medical devices
(Tenckhoff and Hickman catheters), we have
found that many patients are entirely asymp-
tomatic, even when the total surface areas of
their catheters are colonized by thick biofilms,
and only a minority of these patients experi-
ence bacteremic infection.

Generally, chronic biofilm infections re-
main very localized, and even patients with
cystic fibrosis with massive colonization of the
lungs rarely experience infections in other or-
gans. Small medical devices that are completely
colonized by sessile bacteria (e.g., stitches and
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staples) rarely elicit inflammation, and rarely
give rise to disseminated infection. All transcu-
taneous devices are colonized eventually, espe-
cially on their outer surfaces, and inflammation
may occur at the exit site and less often in the
subcutaneous tract. These intrusive devices
constitute a “‘bacterial highway” into internal
tissues, but most are well tolerated, and the
body’s defenses can handle the small number
of planktonic cells released from the surfaces of
small devices, provided that these defenses are
not radically compromised. The release of bio-
film fragments occasioned by the replacement
of vascular catheters over a *‘J wire”” may dam-
age downstream organs (e.g., lungs and brain),
and the placement of a colonized Swann-Ganz
catheter across an operating heart valve is pro-
foundly unwise. Large transcutaneous devices
with huge surface areas, like the Jarvik heart,
cannot be tolerated when they become colo-
nized by biofilms, but smaller devices are much
less dangerous from a microbiological point of
view. Devices that are inserted into organ sys-
tems, such as urinary catheters and IUDs, by~
pass the natural antibacterial barriers of these
systems (27) and transfer external organisms
into normally sterile areas. The consequences
of this colonization of deep organs, and of the
devices that are inserted into them, may be
trivial if the organisms are well tolerated or
devastating if they are not. Devices that are im-
planted, surgically and aseptically, may become
colonized by bacterial biofilms as a result of
contamination or of hematogenous spread of
organisms from other sites. The microbiologi-
cal risks posed by these colonizable surfaces will
diminish as the surgery used in their implanta-
tion is improved and refined and as hematoge-
nous sources (dental procedures) are con-
trolled. Hip replacement seems to be leading
the way with very low infection rates, and
other very common procedures show gradually
decreasing rates as surgical and management
procedures are improved.

The key to improved prevention and con-
trol of biofilm infections, including those asso-
ciated with medical devices, lies in the replace-
ment of an old concept with a new one. While

medical microbiologists have realized that plas-
tic and metal devices increase the risk of infec-
tion, they have heretofore visualized the
pathogens as planktonic cells, swimming or
floating in tissue fluids near the device, that are
essentially identical with the planktonic cells
that they grow in liquid cultures. The new
concept is simply that of the general biofilm,
which recognizes that bacteria can grow in
either of two basic phenotypes—planktonic or
biofilm. Sessile cells differ profoundly from
their planktonic counterparts, and these differ-
ences confer a high level of resistance to both
natural host defenses and to antibiotics. Biofilm
cells are partly hidden in their matrices, so they
are less inflammatory than planktonic cells, and
they may grow undetected for long periods of
time. However, sessile populations constantly
release planktonic cells that may produce
symptoms or may even initiate acute infec-
tions. The basic strategy of bacteria in the
production of two different phenotypes is to
colonize new ecosystems with vulnerable
planktonic “scouts” but to retain much of the
genomic reserve of the species in a defensive
sessile community, which can survive the va-
garies and challenges of ecosystems in which
it is already established. If we understand this
microbial strategy we can craft counterstrateg-
ies that are likely to be more successful than
our current reliance on vaccines and antibiotics
that are chosen chiefly for their efficacy in kill-
ing planktonic cells.

CLINICAL STRATEGIES FOR THE
CONTROL OF BIOFILM INFECTIONS

There is a growing conviction (6, 22) that anti-
biotics are losing their ability to control bacte-
rial infections because the bacteria have mobi-
lized all of their survival strategies in the face of
this frontal attack. Strategies that were effective
when these bacteria evolved near antibiotic-
producing fungi in the soil are being utilized
to thwart modern drugs, as are biofilm strate-
gles that were effective in gaining predomi-
nance in primitive aquatic environments. It
may be salutary to examine this question in
areas in which biofilms are more completely
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understood and in which biofilm microbiolo-
gists have been more successful in solving spe-
cific problems.

Biofilm Avoidance

Sessile bacteria, including matrix-enclosed
fragments of biofilms, are resistant to host de-
fenses and antibiotics surprisingly early in their
development. Three- to 4-cell microcolonies
on a plastic surface can withstand vigorous op-
sonin-induced phagocytosis (36), and 8- to 10-
cell biofilm fragments can survive the pulmo-
nary host defenses (23), even when they are
deposited directly into the lower left lobe of
the lung of a healthy rat or mouse. For this
reason, it is imperative that medical devices be
sterile when they are implanted and that they
be free from surface deposits of organic material
that can accelerate adhesion and biofilm forma-
tion by any planktonic cells that may be present
in the operative field. The practice of soaking
medical devices in a solution of an antibiotic
immediately prior to their implantation may be
useful in preventing subsequent biofilm forma-
tion, but we must remember that any biofilms
of a resistant organism that might form during
the soaking process would automatically cause
an infection if the sessile population was mature
enough to resist host defenses when it was in-
stalled. Medical devices therefore must be both
scrupulously clean and absolutely sterile before
they are implanted. Pulmonary exposure to bio-
film fragments, from industrial sources or from
dental water systems, must be avoided, and
persistent pulmonary diseases due to these vola-
tilized microcolonies are often presaged by the
seroconversion of whole populations to spe-
cific pathogens in these aerosols.

Antibacterial Materials

Industry has spent billions of dollars on the de-
velopment of plastics that inherently resist col-
onization by planktonic cells of adapted labora-
tory strains of bacteria, but these materials have
done poorly in clinical trials. Wild-type bacte-
ria use literally dozens of adhesion mechanisms,
many of which are lost by adapted cells grown
in culture, and no material has yet been found

that inherently resists bacterial colonization and
biofilm formation. Metals, such as silver and
copper, are very heavily colonized by bacteria
in natural and industrial systems: the thickest
biofilm that we have ever found on a medical
device was seen on the copper wires of an IUD
(26). Modern antibacterial materials are more
likely to rely on the release of toxic molecules
or ions from the surface of the material, so that
“incoming” planktonic bacterial cells will be
killed before they have the opportunity to form
a resistant biofilm. These “doped” materials
often have excellent antibacterial properties,
because the molecules and ions released from
their surfaces are effective and because they
reach the bacteria before they can adopt the
resistant biofilm phenotype. Of course, these
putative antibacterial materials depend on the
release of specific molecules or ions from their
surfaces, and this controlled release can main-
tain only a local bactericidal concentration of
the agent for sufficient time to be clinically ef-
fective. A fast-releasing agent will necessarily
give protection for a shorter time, especially if
it is being simultaneously removed by either
diffusion or fluid flow. Hundreds of putative
antibacterial materials are being offered to the
medical-device industry, and all are offered
with strong data concerning release rates and
efficacy. What is urgently needed to discrimi-
nate among this plethora of ““antibacterial” ma-
terials is a test system that uses fresh clinical
isolates, mimics the flow characteristics of the
system for which the device is designed, and
uses direct observations to determine the effi-
cacy of bacterial killing. Microbiological scrap-
ing and plating techniques for the recovery of
sessile bacteria from biofilms on solid surfaces
are notoriously unreliable (28), and materials
have been judged to be antibacterial simply be-
cause the sessile cells in biofilms on their sur-
taces were difficult to remove (G. Cooke, J.
W. Costerton, and R. O. Darouiche, submit-
ted for publication). The most accurate method
for the assessment of antibacterial efficacy is to
expose the material to cells of a wild strain of
the putative pathogen, in a realistic flow regi-
men, and to monitor the formation of biofilms
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Biofilm

FIGURE 7

Thread

Confocal scanning laser micrograph of a silver-coated sewing cuff fabric

designed for a mechanical heart valve. This thread had been exposed to cells of S.
epidermidis, which had colonized its surface to produce matrix-enclosed microcolonies

containing living (green) and a few dead (orange and red) cells in a developing biofilm.

by direct microscopy using methods that deter-
mine cell viability (34). Figure 7 shows the col-
onization of threads of a putative antibacterial
material that have been exposed to cells of a
wild strain of S. epidermidis, with the resultant
formation of a biofilm within which the bacte-
ria are alive, as indicated by their green appear-
ance with the BacLite viability stain (Cook et
al., submitted). Scrape-and-plate testing had
yielded favorable data, but direct observation
of the luxurious colonization of this material
by the predominant pathogen throws the effi-
cacy of this putative antibacterial material into
some doubt.

Mechanical Removal and Adequate
Antibiotic Dosage

Most clinical experts (17, 21, 27) counsel the
removal of medical devices that have become
obvious foci of bacterial infection. Like the in-
dustrial biofilm microbiologists who also rely
on the mechanical removal of fouled surfaces
from their systems, they usually combine this
removal with high doses of antibacterial agents
in order to kill the planktonic cells and the

sessile bacteria that are inevitably released in
these procedures. Similarly, high-dose antibi-
otic therapy is often used to protect the micro-
biologically vulnerable plastic and metal sur-
faces of recently installed medical devices from
colonization by planktonic cells and biofilm
fragments released by dental procedures and
other disruptive manipulations. Epithelial sur-
faces are much more resistant to the formation
of bacterial biofilms than are the plastic and
metal surfaces of medical devices, so that device
sites often heal well in the absence of the device
and it can sometimes be reinstalled successfully
when the infection has entirely subsided.
Gristina called this competition between the
host epithelium and the bacterial biofilm the
“race for the surface” (17). It will be a fitting
memorial to this investigator if we hold this
image in our minds as we visualize the epithe-
lialization of a recently implanted device and
judge the time when the patient’s epithelium
may have won this race.

For many decades, biofilms in industrial sys-
tems thrived and caused immeasurable damage
because small doses of biocides that were
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known to kill planktonic cells were used con-
tinuously in the systems at risk. Billions of dol-
lars were lost before industrial biofilm micro-
biologists learned that these small continuous
antibiotic doses had no effect because they did
not kill appreciable numbers of protected ses-
sile organisms. In contrast, high “shock” doses
of antibiotics produced complete killing. Be-
cause of the serious risks of toxicity, shock
treatment is not normally an option, but clini-
cians have learned that prolonged systemic ap-
plication of the highest tolerable doses of anti-
biotics has a salutary effect on biofilm diseases
such as endocarditis and cystic fibrosis. Higher
doses of antibiotics that have some chance of
killing sessile bacteria have been used in topical
applications (e.g., vancomycin for exit site in-
fections) and in local irrigation of infected
medical devices, but we must remember that
biofilms are typically resistant to concentrations
1,000 times those that kill planktonic cells. The
minimum biofilm elimination concentration
test system developed at the University of Cal-
gary (3) indicates to the clinician the dose of
an antibiotic that will kill all of the sessile cells
in a biofilm. It is sobering to reflect that a bio-
film under attack by an antibiotic contains a
broad spectrum of sessile cells in a wide variety
of physiological states that see an equally broad
spectrum of antibiotic concentrations, and it is
difficult to imagine a situation more well suited
to the development of classic antibiotic-resis-
tant strains. Virtually all modern antibiotics
were selected because they were useful in kill-
ing planktonic bacteria in preliminary screens,
and pharmaceutical firms have only begun to
search for agents that affect sessile populations
preferentially. As we begin to match the agents
and the selection procedures more exactly to
the mode of growth and the bacterial pheno-
type that we see directly in modern infections,
we may have more effective antibiotics to use
in the fight to control device-related and other
chronic bacterial infections.

Physical Manipulation of Biofilms In
Situ

If a biofilm is thought of as a well-defended
adherent population in which the sessile cells

resist antibacterial agents by virtue of their al-
tered phenotype and by virtue of their position
in a protective matrix, the mind of the engineer
turns automatically to methods to disrupt this
defensive enclave. Pitt and his engineeringcol-
leagues at Brigham Young University (29) have
pioneered the use of ultrasound to increase the
susceptibility of sessile cells to conventional an-
tibiotics, and they report excellent efficacy, es-
pecially with the use of pulsed untrasound. An-
other physical manipulation that reduces the
inherent resistance of sessile bacteria to antibi-
otics is the application of a DC electric field
across the biofilm (37). Engineers at the CBE
have shown that the resistance of sessile bacteria
can be reduced to approximately that of plank-
tonic cells by the application of a DC field
across the biofilm, even at field strengths as low
as 2 mA/cm?. The mechanism of this “bioelec-
tric” enhancement of the susceptibility of ses-
sile cells to killing by antibiotics is not fully
understood, but the available evidence points
to enhanced penetration of the biofilm matrix,
membrane disturbance by cation depletion,
and the local generation of oxidizing ions, such
as peroxide. It would seem to be entirely logi-
cal to use physical manipulations to enhance
the efficacy of antibiotic therapy in any device-
related infection in which the device is accessi-
ble, especially when it is metallic and suffi-
ciently conductive to act as an electrode for the
establishment of a DC electric field.

Behavioral Manipulation of Biofilms
by Signaling Molecules

We now realize that both the formation of bio-
films by adherent cells (11) and the detachment
of planktonic cells from developed biofilms are
controlled by acyl homoserine lactones in a
large number (perhaps a majority) of gram-
negative species. Preliminary data suggest that
peptide signals control these same behaviors in
gram-positive species (15), and even more pre-
liminary data suggest that some signals control
the behavior of many species in a given ecosys-
tem while other signals control the behavior of
a single species. Kolter and Losick (22) have
predicted that behavior modification by signal-
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ing molecules and their analogs will supple-
ment and/or replace the use of conventional
antibiotics in the near future. Now that com-
mercial entities connected with the CBE have
produced acyl homoserine lactone signal ana-
logs that prevent biofilm formation and pro-
mote the detachment of planktonic cells from
mature biofilms, the way forward towards their
use in the treatment of biofilm infections seems
clear. We predict that signals and signal analogs
that either block or reinforce signal-controlled
behaviors will be used to interdict specific
mechanisms by which bacterial pathogens af-
fect their hosts. This interdiction may be as
simple as adding molecular blockers of the sig-
nals that control toxin production so that a
pathogen can occupy its ecological niche,
much as Clostridium difficile occupies its niche
in the large intestine, but cannot produce the
toxin that is central to its attack on tissues. An-
other signal that affected the ability of the
pathogen to integrate itself into the ecology
of the tissue could then be activated, and the
organism would cease to occupy its ecological
niche. The strategy behind this approach is to
shut off pathogenesis without putting the
pathogen under a toxic frontal attack that stim-
ulates its survival mechanisms and that pro-
duces resistant strains.

Biofilm diseases would constitute the ideal
targets for the manipulation of bacterial behav-
ior, because they depend on the sessile mode
of growth as their central pathogenic mecha-
nism. If cells of a single species (e.g., S. epider-
midis) formed a biofilm on a medical device
(e.g., the sewing cuff of a mechanical heart
valve), the simple stimulation of their detach-
ment from this colonized surface would lead
to their deaths, if the patient’s circulating level
of antibiotics was suitably elevated. Alterna-
tively, signal analogs that block biofilm forma-
tion or promote detachment even as bacteria
start to adhere could be incorporated into the
biomaterials used to produce these medical de-
vices, and they would completely escape mi-
crobial colonization. Even in non-device-re-
lated chronic bacterial infections, such as
prostatitis (27), the detachment of planktonic

cells from biofilms formed by cells of Escherichia
coli would remove the infecting sessile popula-
tion and allow the clearance of these recalci-
trant infections by high-dose antibiotic chemo-
therapy. Biofilm diseases offer the burgeoning
companies that propose to use signals to manip-
ulate bacterial behavior a target that is even
more attractive than the lucrative targets of-
fered by industrial systems. While the bacterial
populations that cause fouling and corrosion in
industrial water systems are composed of many
species, and some universal signal analogs are
already in use (14), biofilm infections often in-
volve only one species, and the selection of
suitable signals may be facilitated. There can
be little doubt that Kolter and Losick (22) are
correct in their predictions, and infectious-dis-
ease practitioners will soon have therapeutics
at their disposal whose activities are predicated
on natural signaling mechanisms.
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