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Bacteria that attach to a surface and grow as a biofilm are protected from killing by
antibiotics. Reduced antibiotic susceptibility contributes to the persistence of biofilm
infections such as those associated with implanted devices. The protective mechanisms at
work in biofilms appear to be distinct from those that are responsible for conventional
antibiotic resistance. In biofilms, poor antibiotic penetration, nutrient limitation and slow
growth, adaptive stress responses, and formation of persister cells are hypothesized to
constitute a multi-layered defense. The genetic and biochemical details of these biofilm
defenses are only now beginning to emerge. Each gene and gene product contributing to this
resistance may be a target for the development of new chemotherapeutic agents. Disabling
biofilm resistance may enhance the ability of existing antibiotics to clear infections involving
biofilms that are refractory to current treatments.
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When bacteria attach to a surface and grow as a
biofilm they are protected from killing by antibi-
otics, biocides, and other chemical or physical
challenges (Lewis, 2001; Mah and O'Toole, 2001;
Stewart and Costerton, 2001). This phenomenon is
increasingly recognized as a key factor in the
persistence of varied infections (Costerton et al.,
1999). Chronic infections in which biofilms have
been demonstrated to be involved include peri-
odontitis, cystic fibrosis pneumonia, and numerous
infections associatedwith indwelling devices such as
catheters, heart valves, and prostheses.
Antibiotic resistance of bacteria in biofilms is easily

reproduced in vitro, showing that host factors are not
required for this manifestation of biofilm defense.
While biofilms of the common opportunistic patho-

gens Staphylococcus epidermidis and Pseudomonas
aeruginosa are well known for their antibiotic
resistance, diverse other microorganisms form bio-
films which confer protection against many anti-
biotics. For example, when grown in biofilms, the
yeastCandida albicans (Hawser andDouglas, 1994)
and the obligate anaerobe Porphyromonas gingiva-
lis (Hansen et al., 2000) have been shown to be less
susceptible to antibiotics than free-floating cells.
Many different types of antibiotics have been tested
against bacterial biofilms, and in almost every case
bacteria in the biofilm mode of growth are found to
be less sensitive to killing than the same strain when
grown in free aqueous suspension. These observa-
tions tell us that the capacity to form protective
biofilms is widely distributed among microbes and
that the resistance mechanisms that operate in
biofilms constitute a broad spectrum defense.
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A great deal is known about the genetic and
molecular basis of antibiotic resistance in bacteria.
These now familiar protective mechanisms ± target
mutations, low cell permeability, efflux pumps, and
modifying enzymes ± do not, however, appear to be
at the root of the reduced antimicrobial suscep-
tibility in biofilms. For example, bacteria that lack
protective mutations or that lack plasmids or other
mobile genetic elements carrying resistance genes,
nevertheless become less susceptible when grown in
the biofilm state (Anderl et al., 2000). Antibiotic
sensitivity is usually quickly restored when bacteria
are dispersed from a biofilm. The rapid reversal of
resistance upon dispersion from a biofilm suggests
an adaptive resistance mechanism rather than a
genetic alteration.
There is an interesting, and relatively unexplored

intersection between conventional antibiotic resis-
tance andbiofilm reduced susceptibility. The natural
protection afforded by a biofilm may provide a
breeding ground for spontaneous mutants. Further,
the close spatial proximity of bacterial cells within a
biofilm has been speculated to accelerate plasmid
transfer (Hausner and Wuertz, 1999). Does the
biofilm mode of growth facilitate the emergence of
resistant mutants or speed the process of gene
transfer? Investigations addressing these questions
are just beginning to appear.
In the following sections of this article, I review the

principal hypotheses addressing reduced antibiotic
susceptibility of bacteria in biofilms (Figure 1).
Though the genetic and molecular basis of each of
thesemechanisms are still largely unexplored, I offer

some speculation about the types of genes or
molecules that might be involved given these hypo-
thetical mechanisms.
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Biofilms are mostly water, and solutes the size of
antibiotics diffuse readily in the biofilm matrix.
Measurements in biofilms of effective diffusion
coefficients of solutes, with molecular weights of
100 to 1000, average about 40 percent of the
respective diffusion coefficient in pure water (Stew-
art, 1998). Consistent with this aremeasurements of
antibiotic diffusion coefficients in glycoprotein or
polysaccharide gels, which range from 36 to 76
percent of their values in pure water (Cheema et al.,
1986; Gordon et al., 1988). The reduction in
antibiotic mobility by a factor of perhaps two to
three in biofilms is insufficient to explain the level of
resistance of aggregated bacteria to killing. How-
ever, the physical mobility of antibiotics in biofilm
does not ensure that the antibiotic will penetrate the
biofilm. If the antibiotic is inactivatedby reaction, or
sequestered by binding as it diffuses into the biofilm,
its delivery to the depths of the film can be
profoundly retarded. Such a reaction-diffusion in-
teraction is sufficient to prevent a penicillin anti-
biotic from penetrating a biofilm formed by a beta-
lactamase-positive bacterium (Anderl et al., 2000).
In this same study, ampicillin was shown to readily
penetrate a biofilm formed by a beta-lactamase-
negative mutant. There is some evidence suggesting
that binding of the positively charged aminoglyco-
sides to negatively charged biofilm matrix polymers
retards penetration of these agents (Gordon et al.,
1988; Nichols et al., 1988; Kumon et al., 1994). In
most cases, however, no sufficiently rapid neutrali-
zation or sorption of the antibiotic occurs, and
antibiotics have been shown to penetrate biofilms in
experimental test systems in vitro (Stewart, 1996)
(Table 1). Significant limitations to biofilm penetra-
tion have only been reported for beta-lactams and
aminoglycosides, and such limitation has not been
found in every study (Table 1).
If an antibiotic slowly penetrates the biofilm, then

enzymes that inactivate or modify the antibiotic are
critical, otherwise saturation is eventually reached
unless the biofilm is completely impervious to the
agent. Such enzymes include beta-lactamases, ami-
noglycoside-modifying enzymes, or chlorampheni-
col acetyltransferases, for example. In most of the
examples in which effective antibiotic penetration
has been demonstrated experimentally, the investi-

���� �� Four hypothesized biofilm resistance mechanisms. 1 ± The
antibiotic (squares) penetrates slowly or incompletely; 2 ± a
concentration gradient of a metabolic substrate or product leads to
zones of slow or non-growing bacteria (shaded cells); 3 ± an
adaptive stress response is expressed by some of the cells (marked
cells); 4 ± a small fraction of the cells differentiate into a highly
protected persister state (dark cells).
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gators report survival of the test microorganism
(Dunne et al., 1993; Darouiche et al., 1994; Anderl
et al., 2000).This proves that protectivemechanisms
other than penetration failure must be at work in
biofilms.
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Killing by many antibiotics is growth-dependent
(Gilbert and Brown, 1995). Penicillins, for example,
only kill growing bacteria (Tuomanen et al., 1986).
Since most antibiotics target some type of macro-
molecular synthesis, these agents would not be
expected to have much effect on bacteria in which
macromolecular synthesis is arrested. Over the past
decade, researchers have begun to directly visualize
patterns of bacterial growth and activity in biofilms
using fluorescent probes and reporter genes (Went-
land et al., 1996; Xu et al., 1998; Sternberg et al.,
1999). It is now clear that within biofilms, micro-
gradients occur in the concentration of key meta-
bolic substrates and products (Wimpenny and
Kinniment, 1995). Because of these chemical gradi-
ents, biofilms include slow-growing or stationary-
phase cells (Molin et al., 2000). Even in single-
species biofilms, the bacterial population is hetero-

geneous with respect to growth states, which cover
the spectrum from rapidly growing to metabolically
inactive. Bacteria in non-growing zones of a biofilm
are uniquelywell positioned to survive antimicrobial
challenge (Brown et al., 1988; Gilbert and Brown,
1995), and are less susceptible than a biofilm in
which all of the bacteria grow at a uniform
intermediate rate (Xu et al., 2000).
Factors other than slow growth may contribute to

antibiotic resistance in biofilms. The same chemical
gradients that lead to growth limitation in biofilms
may be sufficient in themselves to alter antibiotic
potency. For example, oxygen availability alone is
known to modulate action of the aminoglycosides
(Tack and Sabath, 1985). Bacteria in an anaerobic
region of a biofilm may be differentially protected
from these antibiotics, even if they are capable of
fermentative growth. Gradients in pHmay similarly
impact antibiotic efficacy negatively (Venglarcik et
al., 1983; Retsema et al., 1991).
If reduced antibiotic susceptibility in biofilms

depends on metabolically inactive or slow-growing
bacteria, then genes, the products of which are
involved in switching bacterial metabolism path-
ways, or in the pathways themselves, would be
predicted to be essential for the biofilm defense.
These may include genes required for the formation
of multicellular structures. The establishment of
nutrient-limited zones in biofilms depends on cell

��
�� �� Experimental measurements of antibiotic penetration into biofilms. The criterion for penetration was attainment of 30% of the
applied antibiotic concentration (or 30% of the antibiotic concentration determined in a sterile control) during the test duration.

Antibiotic Microorganism Penetration? Reference

Piperacillin P. aeruginosa No Hoyle et al. , 1992
Rifampin
Vancomycin

S. epidermidis Yes
Yes

Dunne et al. , 1993

Gentamicin
Ofloxacin

P. aeruginosa No
Yes

Yasuda et al. , 1993

Vancomycin S. epidermidis Yes Darouiche et al. , 1994
Latamoxef E. coli Yes Jouenne et al. , 1994
Ciprofloxacin
Levofloxacin

P. aeruginosa Yes
Yes

Suci et al. , 1994; Vrany et al. , 1997

Ofloxacin
Cefotiam

S. epidermidis Yes
Yes

Yasuda et al. , 1994

Amikacin
Ciprofloxacin
Gentamicin
Imipenem
Levofloxacin
Ofloxacin
Piperacillin
Sparfloxacin

P. aeruginosa No
Yes
No
Yes
Yes
Yes
Yes
Yes

Shigeta et al. , 1997

Ampicillin
Ciprofloxacin

K. pneumoniae No
Yes

Anderl et al. , 2000

Ciprofloxacin
Tobramycin

P. aeruginosa Yes
No

Unpublished data of Walters and Stewart

Rifampin S. epidermidis Yes Zheng and Stewart, 2002
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aggregates reaching a certain critical dimension.
Three P. aeruginosa mutants have been described
with reduced susceptibility to antibiotics. The first
mutant overproduces the extracellular polymer
alginate, which makes biofilms thicker than the
wild type (Hentzer et al., 2001). Biofilms formed by
this mucoid mutant are less suspectible to tobramy-
cin than thewild type. The secondmutant is affected
in the stationary-phase sigma factor rpoS. This
mutant also makes biofilms that are thicker than
those formed by thewild-type strain (Heydorn et al.,
2000), and these biofilms are also less sensitive to
tobramycin (Whiteley et al., 2001). The third
mutant has a lesion in gacA, part of a two-
component regulatory system required for normal
biofilm development (Parkins et al., 2001). Biofilms
of the gacA mutant fail to form mature structures
and are slightly more susceptible to several antibi-
otics.

�������� ����
����

Bacteria are equipped with a host of stress responses
that allow them to copewith environmental fluctua-
tions, such as abrupt temperature changes, oxidative
stress, low water activity, DNA damage, starvation,
and others.Many of these stress responses have been
characterized in molecular and genetic detail using
planktonic bacteria (Matin, 1991; Poolman and
Glaasker, 1998; Storz and Imlay, 1999). These
protective responses may be deployed in biofilms.
RpoS, a sigma factor expressed in Gram-negative
bacteria as they enter stationary phase, has been
detected in continuously-fed biofilms of P. aerugi-
nosa (Xu et al., 2001). The rpoS transcript has also
been detected in the sputa of cystic fibrosis patients
(Foley et al., 1999). Studies of antimicrobial suscep-
tibility of biofilms formed by rpoS mutants fail to
support any role for this gene in protecting biofilms
(Cochran et al., 2000b; Whiteley et al., 2001). The
constitutive expression of multi-drug efflux pumps
in biofilms may contribute to resistance. So far there
is no evidence for elevated expression of efflux
pumps in biofilms prior to antibiotic challenge
(Maira-Litran, 2000a, b; De Kievet et al., 2001).
However, using DNA microarrays, it has recently
been reported that biofilms of P. aeruginosa chal-
lenged with tobramycin were able to transcribe the
gene for an efflux pump (Whiteley et al., 2001).
Stress responses may be induced in biofilm bacte-

ria by environmental challenge, just as they are in
suspended bacteria. The difference between a free-
floating and biofilm-embedded cell may be that

biofilm cells are afforded a greater opportunity to
express these traits as the result of retarded antibiotic
penetration or slow growth, enabling biofilm cells to
respond to an antimicrobial challenge that over-
whelms planktonic cells. For example, P. aeruginosa
in a biofilm are able to activate katB, an inducible
catalase gene, in response to treatment with 50 mM
hydrogen peroxide (Elkins et al., 1999). Peroxide
treatment of the same strain of bacteria in the
planktonic state resulted in no catalase expression,
presumably because free-floating cells were over-
whelmed by the antimicrobial effects of the hydro-
gen peroxide before the stress response could be
activated. A similar mechanism may be behind the
induction of beta-lactamase activity in P. aeruginosa
biofilms (Bagge et al., 2000).

����������

Bacteria in biofilms not only evade killing by
antibiotics, they also resist chemical disinfectants,
such as chlorine bleach and glutaraldehyde. The
presence of a subpopulation of persisters in the
biofilm may account for the observed broad resis-
tance. Persisters may constitute a relatively small
fraction of the population, but these few cells have
entered a highly protected, perhaps spore-like, state
(Lewis, 2001; Stewart and Costerton, 2001). The
difference between planktonic and biofilm commu-
nitities is that the frequency of persisters is much
higher in the biofilm population.
Data in support of the persister hypothesis include

measurements of biphasic biofilm killing in which
most of the population is rapidly killed but a fraction
of the cells are unaffected even by prolonged
antibiotic treatment (Goto et al., 1999; Brooun et
al., 2000). The fact that bacteria can develop
reduced susceptibility even in very thin biofilms
can be explained by persisters but not alternative
hypotheses (Das et al., 1998; Cochran et al., 2000a).
Genes that contribute to the persister state may
include those encoding regulatory circuits that
determine the entry and exit from this state as well
as specific protective responses. Genes for high-level
persistence (hip) have been described in E. coli (see
(Lewis, 2001)).
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Reduced antibiotic susceptibility of bacteria in
biofilms is thought to be due to a combination of
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poor antibiotic penetration, an altered microenvi-
ronment, adaptive responses, and the presence of
bacterial persister cells. However, the genetic and
biochemical details of the biofilm defenses are only
now beginning to emerge. Each gene and gene
product contributing to this resistance may be a
target for the development of new chemotherapeutic
agents.Disablingbiofilm resistancemay enhance the
ability of existing antibiotics to clear infections
involving biofilms that are refractory to current
treatments.
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