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The dynamic interaction of planktonic and biofilm cells of mucoid Pseudononas aeruginosa with tobramycin
and piperacillin was investigated in a chemostat system. The results indicated that planktonic and young
biofilm cells of the 2-day-old chemostat culture of P. aeruginosa were susceptible to killing by chemostat-
controlled doses of either 250 ,ug of piperacillin per ml plus 5 ,ug of tobramycin per ml or 500 ,ug of piperacillin
per ml plus 5 jig of tobramycin per ml. Complete eradication of the planktonic and young biofilm cells was
observed after exposure of the cells to six chemostat-controlled doses of these antibiotics at 8-h intervals for 7
days. Regrowth of the organism was not observed after the termination of antibiotic therapy on day 7. A different
picture was observed when antibiotic treatment was initiated on day 10 after inoculation. Viable old biofilm cells
were reduced to approximately 20%o after exposure to the chemostat-controlled doses of500 jLg of piperacillin per
ml plus 5 jig oftobramycin per ml. Complete eradication of old biofilm cells could not be achieved, and regrowth
of the organism occurred after the termination of antibiotic therapy. These data suggest that young biofilm cells
of mucoid P. aeruginosa can be effectively eradicated with the combination of piperacillin and tobramycin, while
old biofilm cells are very resistant to these antibiotics and eradication of old biofilm cells is not achievable with
the chemostat-controlled doses of piperacillin and tobramycin used in this study.

Pseudomonas aeruginosa is an opportunistic pathogen
which rarely causes infection in the healthy host. However,
the organism has emerged as a dominant pulmonary patho-
gen in cystic fibrosis (CF) patients (13, 25, 30). Severe lung
damage caused by colonization of mucoid P. aeruginosa
often results in the death of children with CF. The virulence
determinants produced by this pathogen have been reviewed
previously (10, 16, 21, 22).

Antibiotics with excellent activity against P. aeruginosa
play an important role in reducing the mortality, increasing
the life expectancy, and improving the quality of life of CF
patients. Despite the use of aggressive antibiotic therapy in
the treatment ofPseudomonas infections in CF patients (15),
eradication of the organism from the lungs of CF patients is
difficult to achieve at present (15, 21, 25, 30). It has been
suggested that this is because of the biofilm mode of growth
of the organism in the lungs of CF patients (8, 19, 24). The
sticky alginate slime produced by mucoid P. aeruginosa is
capable of binding antibiotic molecules, thereby significantly
reducing the penetration of antibiotic through the glycocalyx
matrix (7, 24, 28). There are those, however, who suggest
that glycocalyx per se does not reduce the penetration of
antibiotics but that it is actually the biofilm mode of growth
that alters the physiology of embedded biofilm cells, result-
ing in changes of the permeability of antibiotics across the
cell envelope of these cells (23). We believe that studies on
the behavior of biofilms of mucoid P. aeruginosa may
provide some insights into the formulation of effective strat-
egies to combat biofilm-associated infections caused by P.
aeruginosa.
An in vitro chemostat system has been developed to

investigate the interaction of biofilm cells of P. aeruginosa
with piperacillin and tobramycin (1, 3, 4). In this system, the
organism was allowed to colonize inert solid surfaces and
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grow at a slow growth rate under conditions of iron restric-
tion. These growth parameters have been suggested to play
a profound role in affecting the physiology of P. aeruginosa
in vivo (2, 5) and should be considered in the design of
experiments to study the interaction of P. aeruginosa with
antibiotics (2). Biofilm cells grown under these conditions
were removed from the chemostat and exposed to fixed
concentrations of antibiotics in test tubes. The studies re-
vealed that young biofilm cells harvested on day 2 were still
sensitive to piperacillin and tobramycin and could be effec-
tively eradicated with relatively low concentrations of these
antibiotics (1). However, old biofilm cells harvested on day
7 were very resistant to these antibiotics, and the eradication
of the biofilm cells of mucoid P. aeruginosa was not achiev-
able even when much higher concentrations of these antibi-
otics were used (1, 3, 4).
The results suggest that antibiotic therapy should be

implemented as early as possible when dealing with biofilm-
associated infections, because complete eradication of
young biofilm cells colonizing the inert surfaces is still
achievable (1, 3, 4). Delay in implementing antibiotic therapy
is likely to result in the failure of the therapy, and recurrent
infections may occur when antibiotic treatment is termi-
nated. Although the studies have given some useful insights
into the interaction of biofilm cells of mucoid P. aeruginosa
with tobramycin and piperacillin (1, 3, 4), the dynamic
interaction of these antibiotics with bacteria in biofilms was
not considered in these studies. The biofilm cells were
exposed to one dose of fixed concentrations of these antibi-
otics for a short time. Chemostats are open systems in which
the trough and peak levels of antibiotics can be carefully
controlled by monitoring the flow rates of antibiotic free
medium added to the chemostats. In this report we discuss
the dynamic interaction of planktonic and biofilm cells of
mucoid P. aeruginosa with many doses of piperacillin and
tobramycin for a period of a week. The usefulness of this
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system in the study of dynamic interaction of bacteria in
biofilms with clinically important antibiotics is discussed.

MATERIALS AND METHODS

Bacteria. Mucoid P. aeruginosa M 579 was used through-
out this study. The strain was maintained as freeze-dried
cultures and recovered by growth on nutrient agar plates.
After overnight incubation at 37°C, the growth from the
plates was inoculated into 100 ml of iron-restricted tryptic
soy broth (TSB-Fe) medium.

Preparation of growth medium. TSB-Fe was used for the
cultivation of mucoid P. aenrginosa in this study. The
procedure for removal of iron from complex laboratory
medium has been described previously (17). It involved
passing the tryptic soy broth (Difco Laboratories, Detroit,
Mich.) through a column containing Chelex-100 (Bio-Rad
Laboratories, Richmond, Calif.). Of the iron present in this
complex laboratory medium, 85 to 95% was shown to be
removed by this treatment (17). 2,2'-Dipyridyl (final concen-
tration, 25 ,ug/ml) was added to the Chelex-treated medium
to further restrict the availability of trace amounts of iron
present in the medium (9). The method also removes other
metal cations such as Mg2+ (17), and 0.4 mM MgSO4, 0.5
mM NaCl, and 0.62 mM KCI (final concentrations) were
added to the medium to avoid imposing additional nutrient
depletion on the cells.
Growth of mucoid P. aeruginosa in the chemostat. An in

vitro chemostat system described by Anwar et al. (1, 3, 4)
was used throughout. Chemostats with 100 pieces of 1-cm-
long (size 16) Masterflex silicone tubing (Cole-Parmer Instru-
ment Ltd., Chicago, Ill.) were autoclaved at 121°C for 20
min. Five milliliters ofP. aeruginosa grown to mid-exponen-
tial phase in TSB-Fe was inoculated into the chemostat.
Fresh TSB-Fe medium was fed into the chemostat by using
a peristaltic pump to give a dilution rate (D) of 0.125 h' (one
volume change occurred every 8 h). Viable counts of plank-
tonic cells of mucoid P. aeruginosa were determined on
serially diluted samples incubated on nutrient agar (Difco).
To determine the number of biofilm cells adhered to the
silicone tubing, the tubing was removed, washed three times
with 10 ml of phosphate-buffered saline (PBS) to remove
nonadherent cells, and then placed in 1 ml of PBS. The
contents were vortex mixed for 3 min, and the serially
diluted samples were incubated on nutrient agar plates at
37°C. The efficiency of the removal of the biofilm cells of
mucoid P. aeruginosa from the surface of the tubing was
monitored by repeating on the vortex treated tubing the
procedures described above. The results indicated that the
first treatment removed over 99% of the adherent biofilm
cells.
Dynamic interaction of planktonic and biofilms of mucoid P.

aeruginosa with piperacillin and tobramycin. On day 2 (young
biofilm) or day 10 (old biofilm), combinations of piperacillin
and tobramycin in 5 ml of TSB-Fe medium (to give final
concentrations of 250 p,g of piperacillin per ml and 5 ,g of
tobramycin per ml or 500 ,ug of piperacillin and 5 ,ug of
tobramycin per ml; the antibiotics were sterilized by filtra-
tion) were added every 8 h to the chemostat cultures
containing the planktonic and biofilm cells of mucoid P.
aeruginosa. The dilution rate of the chemostat was set to
0.125 h-1 so that one volume change of TSB-Fe medium in
the chemostat occurred every 8 h. Samples were removed at
hourly intervals, and viable counts were performed for both
the planktonic and biofilm cells by plating onto nutrient agar
plates and incubating at 37°C when the first doses of these

antibiotics were added to the chemostat. At t = 8 h, the
second doses of these antibiotics (same concentrations of
piperacillin and tobramycin) were added to the chemostat,
and the viable counts were determined before the addition of
the next doses of the antibiotics. The addition of these
concentrations of piperacillin and tobramycin to the chemo-
stat cultures were repeated at 8-h intervals for 7 days. On
day 7 (after initiation of antibiotic exposure), the antibiotic
treatment was terminated and fresh TSB-Fe was continu-
ously pumped into the chemostat at the same dilution rate
for another 3 days to investigate the regrowth of the organ-
ism.

Antibiotic concentration analysis. Culture samples were
collected from the effluent port of the chemostat before and
after addition of antibiotics into the chemostat. The cells
were separated by centrifugation at 5,000 x g for 15 min and
the culture supernatants were sterilized by membrane filtra-
tion. The concentrations of piperacillin were analyzed by a
spectrophotometric method (measurement of A254), and the
concentrations of tobramycin were determined by microbi-
ological assay with the agar well method (26). P. aeruginosa
DMX 568/1 (kindly provided by V. Deretic) cultivated in
TSB-Fe plus 300 ,ug of carbenicillin per ml was used as an
inoculum; this strain is resistant to piperacillin because
P-lactamases are produced when the cells are cultivated in
the presence of carbenicillin.

RESULTS

Kinetics of biofilm formation by mucoid P. aeruginosa
M579. The population of the planktonic, cells of mucoid P.
aeruginosa reached approximately 4 x 109 cells per ml and
remained constant until tobramycin and piperacillin were
added to the chemostat. The kinetics of biofilm formation by
this strain of P. aeruginosa is illustrated in Fig. 1. The
number of biofilm cells colonizing the surface of the silicone
tubings increased exponentially from day 1 to day 5. The
number of sessile cells associated with the tubings was found
to be approximately 1.5 x 109 cells per cm (length) on day 5,
and this population continued to increase at a much slower
rate to approximately 2.5 x 109 cells per cm on d4y 10. Since
oxygen was supplied to the chemostat in the form of air
bubbles which created turbulence, it was expected that some
of the loosely bound sessile bacteria were released from the
silicone tubings and this might contribute to the establish-
ment of an equilibrium state from day 7 to day 10 (Fig. 1). It
is important to note that the growth rate of biofilm cells is
probably not strictly governed by the dilution rate, since the
cells that are deeply embedded in the thick glycocalyx
matrix may have very different access to the limiting nutrient
in comparison with the planktonic cells. The same phenom-
enon may also be true when the organism forms biofilms in
vivo.

Reaction ofyoung biofilm cells of mucoid P. aeriginosa after
exposure to the first chemostat-controlled dose of tobramycin
and piperacillin. In this study, young biofilm cells were used
to describe the properties of sessile cells cultivated to the
second day in the chemostat and old biofilm cells were used
to designate the properties of sessile cells cultivated to day
10 in the chemostat.
Two days after inoculation, 5 ,ug of tobramycin per ml plus

250 ,ug piperacillin per ml or 5 ,g of tobramycin per ml plus
500 ,ug piperacillin per ml was added to the chemostat at 8-h
intervals and the viability of the planktonic and young
biofilm cells was monitored. The interaction of young biofilm
cells (day 2 in the chemostat) of mucoid P. aeruginosa with
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FIG. 1. Kinetics of biofilm formation of a mucoid strain of P.
aeruginosa M 579 grown slowly under iron-restricted conditions in
the chemostat.

500 ig of piperacillin per ml plus 5 ag of tobramycin per ml
is illustrated in Fig. 2. The dilution rate of the chemostat was
set to 0.125 h-' so that one volume change of the medium in
the chemostat occurred every 8 h. This corresponds to the
frequency of the administration of clinical dosing of these
antibiotics. The concentration of tobramycin was kept at 5
tag/ml because this concentration is believed to be achiev-
able in the serum.

It can be seen that the planktonic and young biofilm cells
of this strain of mucoid P. aerugunosa were sensitive to
tobramycin and piperacillin (Fig. 2). The percentage of
planktonic cells was reduced from 100 to approxmnately
0.05% after exposure to the first dose of 5 ,g of tobramycin
per ml plus 250 ,ug of piperacillin per ml for 8 h (data not
shown). The percentage of young biofilm cells in the chemo-
stat was reduced to approximately 10% when the cells were
exposed to the same concentrations of antibiotics- for the
same period of time (data not shown). Increasing the con-
centratiQn of piperacillin to 500 jIg/ml resulted in a slight
increase in the killing of both the planktonic and young
biofilm cells (Fig. 2). The percentages of planktonic and
young biQlilm cells were found to be approximately 0.01 and
0.45%, respectively, after exposure to the chemostat-con-
trolled first dose of these antibiotics (Fig. 2). At these
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FIG. 2. Dynamic interaction of planktonic and young biofilm

cells of the 2-day-old chemostat cultures of mucoid P. aenrginosa M
579 with the first dose of 500 gg of piperacillin plus 5 p.g of
tobramycin per ml. The dilution rate (0.125 h-1) was chosen so that
one volume change of the medium occurred every 8 h. Symbols: 0,
planktonic cells; 0, biofilm cells.

concentrations of tobramycin and piperacillin, the plank-
tonic and young biofilm cells were rapidly eradicated, indi-
cating that this strain of mucoid P. aenrinosa was sensitive
to the combination of these antibiotics.
Dynamic interacton of planktonic and young biofblm cells of

P. aeruginesa with tobramycin and piperacillin for 7 days. The
interaction of planktonic and young biofilm cells of P.
aeugnmosa with the chemostat-controlied doses of tobramy-
cin plus piperacillin for a period of 7 days is illustrated in Fig.
3. It can be seen that both the planktonic and young biofilm
cells of P. aeruginosa were sensitive to chemostat-con-
trolled doses of 5 ,ug of tobramycin per ml plus 250 ,&g of
piperacillin per ml. Eradication of planktonic and young
biofilm cells was observed after exposure of young biofilm
cells to six chemostat-controlled doses of tobramycin plus
piperacillin (data not shown; the profile was similar to those
observed in Fig. 3). Since the antibiotics were given at 8-h
intervals, the results suggested that eradication of the plank-
tonic and young biofilm cells was achievable after 2 days of
antibiotic treatment. In this study, the antibiotic therapy was
continued for an extra 5 days and no viable planktonic or
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FIG. 3. Dynamic interaction of planktonic and young biofilm
cells of the 2-day-old chemostat cultures of mucoid P. aeruginosa M
579 with doses of 500 ptg of piperacillin per ml plus 5 ,ug of
tobramycin per ml at 8-h invervals for 7 days. Symbols: 0, plank-
tonic cells; 0, biofilm cells.

young biofilm cells were found during this period of study
(data not shown). Regrowth of the organism was not ob-
served when the antibiotic treatment was terminated on day
7 (data not shown). Increasing the concentration Qf piper-
acillin to 500 ,ug/ml while keeping the concentration of
tobramycin to 5 jig/ml showed a marginal increase in the
activity of these antibiotics (Fig. 3). Four chemostat-con-
trolled doses of these antibiotics at 8-h intervals (Fig. 3) were
needed to eradicate the planktonic and young biofilm cells
present in the chemostat. The eradication of young biofilm
cells over several days might be partly due to slight accu-
mulation of the antibiotics in the system with repeated doses
and slow reduction in half-life. From this study, it is clear
that the planktonic and young biofilm cells of mucoid P.
aeruginosa are still sensitive to the combined bactericidal
actions of piperacillin and tobramycin and eradication of this
organism is achievable if antibiotic therapy is started on or
before day 2 of colonization. Thus, 250 ,ug of piperacillin per
ml plus 5 ,ug of tobramycin per ml or 500 jig of piperacillin
per ml plus 5 ,ug of tobramycin per ml should be able to
achieve eradication of the planktonic and young biofilm cells
of mucoid P. aeruginosa.
Dynamic interaction of planktonic and old biofilm cells of

mucoid P. aeruginosa with tobramycin and piperacillin for 7
days. Mucoid P. aeruginosa was allowed to colonize the
surface of silicone tubings for 10 days before antibiotic
intervention. It can be seen from Fig. 1 that heavy coloni-
zation of the surface of the tubings was observed at this time
and the population of the old biofilm cells increased to
approximately 2.5 x 109 cells per cm (length). Another
observation was that the silicone tubing connecting the
effluent port of the chemostat to the waste bottle was also
heavily colonized by the organism, indicating that this or-
ganism is an excellent biofilm former.
Ten days after inoculation, 250 ,ug of piperacillin per ml
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FIG. 4. Dynamic interaction of planktonic and old biofilm cells
of the 10-day-old chemostat cultures of mucoid P. aeruginosa M 579
with doses of 500 ,ug of piperacillin per ml plus 5 Lg of tobramycin
per ml at 8-h invervals for 7 days. Symbols: 0, planktonic cells; 0,
biofilm cells.

plus 5 ,ug of tobramycin per ml or 500 ,ug of piperacillin per
ml plus 5 ,ug of tobramycin per ml was added to the
chemostat cultures and the viability of the planktonic and old
biofilm cells was monitored. In both cases, the viability of
the planktonic and old biofilm cells was not significantly
reduced after exposure to the first chemostat-controlled dose
of these antibiotics. Figure 4 illustrates the dynamic interac-
tion of multiple doses of 500 ,ug of piperacillin per ml plus 5
,ug of tobramycin per ml with old biofilm ofP. aeruginosa for
a period of 7 days. Similar profiles with slightly less reduc-
tion in viable count were observed when the old biofilms of
P. aeruginosa were exposed to the combination of 250 ,ug of
piperacillin per ml plus 5 ,g of tobramycin per ml (data not
shown). After the first chemostat-controlled dose of tobra-
mycin and piperacillin, two different colonial types were
detected on nutrient agar: one was opaque and the other was
transparent. Each morphotype was streaked onto Pseudo-
monas isolation agar (PIA) to ensure that the chemostat
culture was not contaminated. Both the opaque and trans-
parent colonies grew on Pseudomonas isolation agar. Ap-
proximately 80% of the colonies observed on a given plate
were opaque, while the remaining 20% were transparent.
The opaque colony type was more resistant to both tobra-
mycin and piperacillin than the transparent type. The MICs
of tobramycin for opaque and transparent colonies were
found to be 0.6 Rg/ml and less than 0.15 ,ug/ml, respectively,
and the MICs of piperacillin for opaque and transparent
colonies were 26 and 6.5 Ftg/ml, respectively. Even after
discontinuation of the chemostat-controlled doses of these
antibiotics, these different colony types were observed in the
same proportion. No such changes were noted with young
biofilm cells or with the planktonic cells associated with
them.
The chemostat cultures of planktonic and old biofilm cells
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FIG. 5. Profiles of concentrations of piperacillin (A) and tobramycin (B) collected from the effluent port of the chemostat before and after

addition of antibiotics to the chemostat.

of mucoid P. aeruginosa were very resistant to the combi-
nation of 250 pg of piperacillin per ml plus 5 pg of tobramy-
cin per ml (data not shown). Nine doses of these antibiotics
given at 8-h intervals were needed to reduce the viability of
the planktonic cells to approximately 10%. The population of
the planktonic cells remained at the range of 5 to 10% during
the course of antibiotic treatment. There was a significant
reduction in the turbidity of the planktonic cell culture, but
these.concentrations of tobramycin plus piperaciliin were
not sufficient to eradicate the planktonic cells. Some of the
planktonic cells observed in this experiment might have
resulted from the release of old biofilm cells. The population
of the planktonic cells increased to 100% after the termina-
tion of antibiotic treatment on day 7 (data not shown). The
old biofmm cells were resistant to killing by the combination
pf 2SO pg of piperacillin per ml plus 5 pg of tobramycin per
nl. The viability of the old biofilm cells adhering to the
sulrface of the silicone tubings remained greater than 80%
throughout this study and returned to 100% after the termi-
nation of the antibiotic treatment on day 7 (data not shown).

Figure 4 illustrates the dyniamic interaction of the plank-
tonic and old biofilm cells of mucoid P. aensginosa with the
combination of 500 pg of piperacillin plus 5 pg of tobramycin
per ml. Increasing the concentration of piperacillin to 500
pg/ml significantly increased the killing of the planktonic and
btd biofilm cells of mucoid P. aeruginosa. However, these
concentrations of piperacillin and tobramycin were not suf-
ficint to achieve eradication of old biofilm cells. The popu-
lation of the planktonic cells dropped to approximately 1%
after exposure to the chemostat-controlled doses of these
antibiotics for 3 days and it remained in the range of 0.2 to
1% for the course of antibiotic therapy. The population of

the planktonic cells climbed back to 100% after the termina-
tion of antibiotic treatment on day 7.
The concentrations of piperacillin and tobramycin before

and after the addition of antibiotics into the chemostat over
the interval of the study are illustrated in Fig. 5A and B,
respectively. It can be seen that the concentrations of
piperacillin dropped to the level below 20 pg/mI before the

addition of the next dose of antibiotics and increased to
slightly over 500 pg/ml after the addition of the antibiotics to
the chemostat (Fig. 5A). The concentrations of tobramycin
decreased to approximately 0.5 ,ug/ml (minimum limit of
detection, -0.5 ,pg/ml) before the administration of the next
dose of antibiotics and increased to 5 ,ug/ml after the addition
of the antibiotics into the chemostat (Fig. 5B).

DISCUSSION

It is interesting that the chemostat-controlled doses of
piperacillin and tobramycin used in this study can be used
effectively to eradicate the planktonic and young biofilm
cells of mucoid P. aensgnosa (Fig. 3). Combinations of
either 250 ,ug of piperacillin per ml plus 5 pg of tobramycin
per ml or 500 ,ug of piperacillin per ml plus 5 iLg of
tobramycin per ml were sufficient to achieve eradication of
2-day-old young biofilm cells. Enhanced activity is often
observed when f-lactam antibiotics are combined with ami-
noglycosides, and these compounds are commonly used in
combination in the treatment of infections (1, 11, 18). We
believe that these concentrations of antibiotics are achiev-
able clinically, and if antibiotic therapy is initiated at the
early stage of infection, one should observe eradication of
young biofilm cells. Antibiotic molecules can still penetrate
the newly formed biofilms to kill the young biofilm cells (1-4,
23). Note that air bubbles may be dislodging biofilm cells
from the silicone tubings and also the wall of chemostat, and
these cells are likely to be sensitive to antibiotics (14). It
would be of interest to use the in vitro model developed by
Haag et al. (14) to study the kinetic interaction of bacteria
with antibiotics so that the results observed in this study can
be cotnpared with those obtained with other systems.
A very different picture is observed if the antibiotic

treatment is delayed for an extra 8 days. The old biofilm.cells
of mucoid P. aeruginosa did not respond to the chemostat-
controlled doses of piperacillin and tobramycin used in the
study. Eradication of the infecting old biofilm cells was not
achievable even when the concentration of piperacillin was

.
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increased to 500 ,ug/ml. The population of the old biofilm
cells of mucoid P. aeruginosa was reduced to approximately
20% after exposure to the chemostat-controlled doses of
piperacillin plus tobramycin for 3 days. The percentage of
survival remained in the range of 20 to 40% during the course
of antibiotic therapy. The population of the old biofilm cells
increased back to 100% after the termination of the antibiotic
treatment on day 7. Eradication of planktonic and old biofilm
cells was not observed after exposure of the chemostat
culture to doses of 500 ,ug of piperacillin per ml plus 5 ,ug of
tobramycin per ml for 7 days (Fig. 4). The data confirmed
our previous observations that old biofilm cells of P. aerug-
inosa were very resistant to these antibiotics and the chemo-
stat-controlled doses of these antibiotics were not sufficient
to eradicate the biofilm cells colonizing the silicone tubings.
From our studies, the results indicate that the best strategy
to combat biofilm-associated infections is to initiate the
antibiotic treatment as early as possible, because young
biofilm cells of mucoid P. aeruginosa are still sensitive to the
combination of piperacillin and tobramycin. Although these
doses of antibiotics were not successful in eradicating the
infecting pathogen, they may have reduced the population of
the planktonic cells significantly so that the clinical symp-
toms were temporarily curtailed. This is obviously not the
goal of antibiotic therapy, and hopefully the chemostat
system described in this study can be used to optimize the
performance of these antibiotics in the treatment of biofilm-
associated infections.
The physiology of bacteria in biofilms is extremely com-

plex and very different from those of planktonic cells. The
physiology of bacteria in biofilms is likely to be influenced by
the sites in which each individual biofilm cell is located in the
multilayers of cells forming the biofilm (6, 7, 20, 29). Cells
located on the surface of the biofilm may have easy access to
nutrients and may also have fewer problems with the dis-
charge of waste metabolic products. In contrast, cells that
are embedded deep within the alginate glycocalyx matrix are
likely to be less metabolically active because of poor access
to essential nutrients and also because they have to deal with
problems associated with the accumulation of waste metab-
olites in their milieu. The physiology of the bacterial cell can
profoundly influence the sensitivity of the cell to antibiotics
(2, 7). Under these circumstances, one would be able to
suggest that the mechanisms of resistance of biofilm bacteria
to antibiotics are extremely complex. This is partly due to
the complex nature of the physiology of bacteria in biofilms.
The alginate produced by old biofilm cells may bind the
antibiotic molecules and therefore impede the penetration of
the antibiotics (7, 24, 28). The ability of antibiotic molecules
to cross the outer membrane of the old biofilm cells may be
reduced significantly as a result of the alteration of the
composition of the outer membrane (2, 7, 23). The reduction
in the rate of the penetration of antibiotic molecules across
the outer membrane of old biofilm cells embedded within the
thick glycocalyx matrix may give the cells sufficient time to
switch on the expression of antibiotic-degrading enzymes,
enabling them to destroy the antibiotic molecules that have
entered the cells. Induction of P-lactamases have been
observed when sessile cells of P. aeruginosa are exposed to
1-lactam antibiotics (12). It is therefore important to use
biofilm-eradicating concentrations when dealing with bacte-
ria in biofilms so that they can be killed instantaneously
before the cells express antibiotic resistance factors to
counteract the presence of antibiotics.

It is extremely frustrating to find that an antibiotic in
which the efficacy against a particular group of pathogens

has been extensively evaluated in the laboratory fails to
eradicate that group of pathogens clinically. The problems of
bacterial resistance to antibiotics have been the focus of
recent discussions (27). The use of MIC in describing the
susceptibility of bacterial pathogens to antibiotics has been
scrutinized. MIC susceptibility tests can be deceiving since
no one can guarantee that antibiotics with low MICs can be
used successfully to control bacterial infections, especially
biofilm-associated infections. MICs should only be used to
identify resistant strains and not to indicate the usefulness of
the antibiotic in the control of infections unless the concen-
trations and frequency of antibiotic administration required
to eradicate the infecting pathogen are known. One problem
of MIC testing is that planktonic cells are used in the
determination of MICs, while in practice the antibiotics are
used to eradicate biofilm cells. Clinicians fail to eradicate
biofilm cells because concentrations of antibiotics much
higher than the MICs are required to eradicate bacteria in
biofilms (1, 3, 4). We think that the system described in this
study will give more realistic information regarding the
effectiveness of antibiotics in the eradication of bacteria in
biofilms, because the concentrations and frequency of anti-
biotic administration that are required to eradicate the bio-
film cells can be determined. Under these circumstances, it
is logical for us to suggest that only antibiotics with known
activity against biofilm cells of P. aeruginosa should be used
to treat bronchiopulmonary infections of CF patients and
that treatment should be initiated as early as possible to
avoid the problems of dealing with old biofilms. Studies on
the physiology of biofilm cells of this organism will assist in
the design of effective therapy to combat Pseudomonas
infections.
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