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residents, whereas others such as E. coli, Providencia stuartii,
Pseudomonas aeruginosa, Proteus mirabilis, Morganella
morganii and Klebsiella pneumoniae generally are stable
residents.

How do the biofilms form?
While the catheter is in place the infections are notoriously
difficult to eradicate with antibiotics. It is normal practice 
to resort to treatment only when there is evidence that 
the infection has reached the kidneys or the bloodstream. 
In patients undergoing long-term bladder management, 
a common regime is to change catheters at 10- to 12-week
intervals. So we have a situation in which infected urine 
flows through catheters for periods of up to 3 months at a
time.

Catheters are manufactured from silicone or from latex
coated in either silicone or hydrogel. These materials provide
attractive, unprotected sites for bacterial attachment. In
addition the irregular surfaces left by the manufacturing
process, particularly around the eye-holes, can trap cells as
the infected urine flows through the device (Fig. 1). Attached
to a surface bathed in a constant gentle flow of a nutrient-rich
medium, the bacterial populations thrive. Within days
extensive biofilms develop, particularly on the lumenal
surfaces of the catheter. Towards the end of the device’s
lifetime, the biofilms can comprise thick layers up to 500 cells
deep, embedded in their exopolymer matrix (Fig. 2). These
bacterial communities have all the properties conferred by 
the biofilm mode of growth and the resistance of the cells
frustrates attempts to treat infections.

Crystalline biofilms
The biofilms produced by Pr. mirabilis pose particular threats 
to the health of catheterized patients. The urease activity 

� Fig. 1. The early stages in the formation of a Proteus mirabilis biofilm on a catheter.
Catheters were removed for examination after incubation for various times in an
infected laboratory model of the catheterized bladder. The rough irregular surface
of the eye-hole is shown in (a) and (b). After 2 h in the model, cells can be seen
adhering to crevices in the surface (c). At 4 h, microcolonies have developed in
depressions in the surface (d). After 6 h incubation, amorphous crystalline material
(e) can be seen associated with the cells. At 20 h, extensive crystalline biofilm has
formed around the eye-hole (f). Reproduced from Urol Res (2003) 31, 306–311,
with permission

� Fig. 2. Cross-sections of an all-silicone catheter that had been removed from 
a patient after 6 weeks. The biofilm was composed of Pseudomonas aeruginosa
cells at a density of 5×109 viable cells (cm catheter surface)–2. (a) A freeze-dried
preparation of a freeze-fractured catheter section. (b) The biofilm on the catheter
surface in more detail revealing the sponge-like structure. Reproduced from 
Urol Update (1996) 5, 1–8, with permission from the European Board of Urology
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B
ladder catheters are the most
common prosthetic medical
devices, with around 100
million in use each year.
Apart from important roles
in monitoring urine pro-

duction from unconscious patients and
facilitating repair of the urethra after
surgical procedures such as prostat-
ectomy, they are also used to manage
urinary retention and incontinence in
the elderly and in patients disabled by
strokes, spinal injury or multiple
sclerosis. They offer a convenient way
to drain urine from the bladder, but
unfortunately they also provide a
passageway for bacteria from a heavily
contaminated external skin site to a
vulnerable body cavity. The risk of
infection is related to the length of time
the catheter is in place. Most patients
catheterized for less than a week should
escape infection, but for those catheter-
ized for periods longer than 4 weeks, it
is inevitable. The initial infections are
usually by single bacterial species such
as Staphylococcus epidermidis, Entero-
coccus faecalis or Escherichia coli. As time
goes by however, a variety of organisms
colonize the bladder urine and
polymicrobial communities develop
which might contain up to six or seven
species. This urinary flora is dynamic
with some species being transient
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The electron micrograph images we
have seen of mature biofilms on long-
term urinary catheters are hard to
reconcile with this consensus model 
of biofilm architecture. While the
preparation of samples for scanning
electron microscopy is notorious 
for distorting structures, it is hard 
to imagine how sample preparation 
could transform mushroom-shaped
structures surrounded by open chan-
nels into the blocks of biomass visible in
Fig. 2. The catheter biofilms are clearly
permeated by channels, but they have a
sponge-like structure. The crystalline
biofilms generated by Pr. mirabilis in
urine afford a special opportunity to
study biofilm architecture by scanning
electron microscopy. As the pH of the
biofilm becomes alkaline, calcium
phosphates are laid down around the
cells and create what we have termed a
‘plaster-cast’ of the biofilm. These solid
structures are not so vulnerable to
distortion by sample preparation. The
electron micrographs suggest a layer
reminiscent of a coral reef, with the
calcified structure permeated with
urine-filled pores (Fig. 5).

Ecology of the biofilms
Apart from the pressing clinical need to
solve the problem of catheter encrust-
ation, these crystalline biofilms pose
some challenging issues in community
microbiology. Most are mixed com-
munities, commonly of three or four
species. The close proximity and high
population density of several species

within a gel-matrix provides ideal
conditions for processes such as 
physiological cooperation, exchange 
of genetic material and cell-to-cell 
communication. We have wondered
whether the microbial composition of
these biofilms comes about by chance
or is predetermined by interactions
between species? Is coaggregation
between species involved? Are there
complementary associations of species
which produce particularly stable,
well-developed biofilm? In the case of
biofilms containing Pr. mirabilis does
the presence of other species modulate 
the extent and rate of crystal formation?

Currently we are attempting an
ecological approach to the study of the
mixed community biofilms containing
Pr. mirabilis. The biofilm flora is being
examined to look for significant
associations between Pr. mirabilis and
other species. It would be intriguing if
some species were typically not found
in the mixed Pr. mirabilis biofilm or 
only found in biofilms where crystal
formation was minimal. Any apparent
antagonisms between Pr. mirabilis and
these other organisms, or modulation
of the encrustation process, could 
then be examined experimentally in
laboratory models. If bacterial factors
could be identified which inhibit
crystalline biofilm formation, a possible
biological interference strategy might
be feasible to control a complication
which undermines the health, con-
fidence and quality of life for so many
elderly and disabled people.
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of this organism generates ammonia
and creates alkaline conditions under
which calcium and magnesium phos-
phates crystallize in the urine and the
biofilm. These unique crystalline
biofilms develop rapidly and can
completely block the flow of urine from
the bladder (Figs 3 & 4). If this situation
is not spotted and the catheter changed,
it can have disastrous consequences 
for the patient, leading for example 
to urinary retention, painful distension
of the bladder and reflux of infected
urine to the kidneys, which triggers
pyelonephritis and septicaemia. Many
long-term patients suffer this com-
plication. All currently available types
of catheter are vulnerable to encrust-
ation and there is no effective way 
of controlling the problem – hence 
our interest in trying to devise novel
strategies to deal with it. A clinical
colleague tells a story of a patient who
was so frustrated with his catheter
blocking recurrently that he tried
(while the catheter was still in place)
blowing through it to clear the
obstruction. When this failed he
attached a bicycle pump to the end to
get enough pressure to do the job!

Catheter biofilms and the
universal model of biofilm
structure
A great deal of work has been done 
on Ps. aeruginosa biofilms growing 
on surfaces under oligotrophic con-
ditions. Optical sectioning of these
biofilms by scanning confocal laser
microscopy has revealed the complex
nature of the biofilm communities.
They are not composed of homo-
geneous layers of cells, but have a
sophisticated structure which develops
from a basal layer of cells. These studies
have led to a consensus view of mature,
natural biofilms as highly organized,
structured communities. The bacteria
embedded in their gel-like matrix form
microcolonies which grow up from the
surface into tower or mushroom-
shaped structures. Open water-filled
channels permeate the structure,
presumably acting as primitive circu-
latory systems, transporting nutrients
to and waste products from the
bacterial communities. These concepts
have led many researchers to investi-
gate the regulatory mechanisms that
control the development of these
complex structures. 

� Fig. 3. Scanning electron micrograph 
of the biofilm on a patient’s encrusted
catheter. Crystals and bacteria are clearly
visible. Escherichia coli, Enteroccus faecalis
and Proteus mirabilis were found in this
biofilm community. Dr Steve Jones, Cardiff
School of Biosciences

� Fig. 4. These images are of a worm-like
structure that blocked a patient’s catheter
at four day intervals; (a) shows the ‘worm’
emerging from a cut section of catheter; 
(b) is a scanning electron micrograph
showing crystalline formations on the
surface of the ‘worm’; (c) is a fixed, critical-
point dried specimen revealing masses of
cocci, short rods and a tangle of elongated
bacilli beneath the crystalline coat.
Enterococcus faecalis, Pseudomonas
aeruginosa, Escherichia coli and Proteus
mirabilis were recovered from the biofilm.
The patient produced 15 of these ‘worms’
over a 10 week period. From J Infect (1993)
27, 133–135, used with permission

� Fig. 5. A scanning electron micrograph 
of Proteus mirabilis biofilm that had
developed on a hydrogel-coated latex
catheter after just 20 h incubation in a
model of a catheterized bladder.
Calcification is in progress and pores can 
be seen in the ‘plaster cast’ of the biofilm.
Used with permission from the American
Society for Microbiology

Electron micrograph images of mature
biofilms on long-term urinary catheters
are hard to reconcile with the consensus
model of biofilm architecture
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