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Phenotypic tolerances to antibiotics of mature and young Pseudomonas aeruginosa PAO1 biofilms and released planktonic bac-
teria were compared for four antibiotics. Resistance levels were similar for gentamicin and ciprofloxacin but differed for ceftazi-
dime and meropenem. �-Lactamase mapping showed that, after 5 h of ceftazidime exposure, mature biofilms produced more
�-lactamase than young biofilms, facilitating the growth of released planktonic bacteria. This shows the importance of early
treatment and choice of antibiotics for P. aeruginosa biofilm infections.

Most chronic lung infections are caused by biofilm growth of
colonizing bacteria. In biofilm infections, a cycling of symp-

toms occurs between periods of antibiotic treatments until a point
is reached where antibiotic treatment is no longer capable of alle-
viating disease symptoms (8). Initially, antibiotic treatment ap-
pears to eliminate infection; however, only the planktonic bacteria
released from biofilms are killed, temporarily reducing symptoms,
but the biofilm remains intact and able to persist (13). In patients
with Pseudomonas aeruginosa lung infection, there is increasing
evidence that repeated antibiotic treatment, such as administra-
tion of the �-lactam ceftazidime, becomes less effective at elimi-
nating symptoms (7). Since most symptoms of P. aeruginosa lung
infection are caused by planktonic bacteria, it has been assumed
that the loss of effective ceftazidime treatment is due to the selec-
tion of highly resistant planktonic strains (14). The purpose of this
paper is to examine the differences in antibiotic susceptibility be-
tween young recently formed biofilm and mature chronic biofilm
in order to help guide antibiotic therapy in patients with chronic
lung infections. The results indicate that increased expression of
�-lactamases by stable mature biofilms contributes to ceftazidime
resistance of planktonic bacteria.

A novel device for concurrent minimum biofilm eradication
concentration (MBEC) and MIC determination has been previ-
ously described (4). Ceri et al. used a young, 4-h biofilm to deter-
mine the MBEC and to also serve as the inoculum for an MIC
determination. In this study, we used this device to examine anti-
biotic susceptibilities of both young (4-h) biofilms and mature
(24-h) biofilms of P. aeruginosa PAO1. After the biofilm was es-
tablished, it was exposed to increasing concentrations of gentami-
cin, ciprofloxacin, ceftazidime, and meropenem (obtained as an-
alytical grade powders from Sigma-Aldrich Canada, Oakville,
Ontario, Canada) in cation-adjusted Mueller-Hinton broth and
the MIC and MBEC values were determined in quadruplicate as
previously described (4). The inocula of the young and mature
biofilms were standardized by using planktonic inocula of similar
concentrations at each stage and comparing the fold increases in
MIC values. The minimum bactericidal concentration (MBC) was
determined by transferring 10 �l from each well of the challenge
plate to a plate containing fresh media to facilitate the growth of all
bacteria not eradicated by the antibiotic.

�-Lactamase expression of young and mature biofilms was

measured using a nitrocefin colorimetric assay as previously de-
scribed (6). Briefly, after 5 h and 24 h of antibiotic exposure, bio-
film pegs exposed to 1 �g/ml, 16 �g/ml, and 512 �g/ml of ceftaz-
idime or meropenem were broken off and immersed in sodium
phosphate buffer. The supernatant from the corresponding well
was spun down to isolate the released planktonic bacteria. The
planktonic bacteria and the biofilm were lysed by freeze-thaw, and
lysate was recovered after centrifugation. The nitrocefin assay to
determine the �-lactamase concentration was performed by mix-
ing 10 pM nitrocefin–50 mM sodium phosphate buffer (pH 7.0)
and 20 �l of lysate or supernatant to give a total volume of 100 �l.
The increase in absorbance was linear over a 30-min incubation at
37°C, and final absorbance was read at 482 nm, determining the
amount of �-lactamase present. It should be noted that only the
nitrocefin assay was used to quantitate �-lactamase expression
and that it was not quantitated by high-performance liquid chro-
matography (HPLC). The protein concentration of the biofilm
and planktonic bacteria was normalized using a bicinchoninic
acid (BCA) assay as previously described (15).

The MIC results of gentamicin and ciprofloxacin treatment
of P. aeruginosa PAO1 from a young biofilm were 4 �g/ml and
0.25 �g/ml, respectively, and both ceftazidime and meropenem
had an MIC value of 2 �g/ml. These results were similar to
MBECs and MICs determined by Ceri et al. (4), indicating that
the methods used were reproducible (Fig. 1a). When the exper-
iments were repeated using a mature biofilm, we observed re-
sults for gentamicin and ciprofloxacin similar to those deter-
mined for the young biofilm (Fig. 1b). The planktonic bacteria
released from the mature biofilm were only slightly more phe-
notypically tolerant (less susceptible) to gentamicin and cipro-
floxacin than the bacteria released from an early biofilm. We
believe that these differences were likely due to small inoculum
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effects rather than resistance mechanisms, since the fold in-
creases were similar to those seen with slightly higher inocula of
planktonic bacteria (data not shown). These increases were
smaller than we would expect if antibiotic sequestering or
transportation were affected (5, 9). However, during ceftazi-
dime exposure, the planktonic bacteria released from a mature
biofilm were significantly more phenotypically tolerant than
those from young biofilms, with MIC and MBC values of
�2,048 �g/ml compared to MIC and MBC values of 2 �g/ml
and 64 �g/ml, respectively, for young biofilm. The planktonic
bacteria released from the mature biofilm were confirmed to be
the same strain of P. aeruginosa as the initial inoculum through
pulse-field gel electrophoresis (SpeI digests). The phenotypic
tolerance was further assessed and determined to not be a sta-
ble change, since using these tolerant bacteria to form a new
biofilm inoculum resulted in the same susceptibilities of bac-
teria released from the new young biofilm. These results agree
with the observation that chronic P. aeruginosa biofilm infec-
tions become less susceptible to ceftazidime treatment over
time (7). Since new, acute infections most likely involve strictly
planktonic bacteria or a young biofilm, these results suggest
that ceftazidime treatment would alleviate symptoms caused
by these bacterial forms; however, chronic infections, espe-
cially P. aeruginosa infections, are primarily caused by mature
biofilms. It has been shown that biofilms cycle through phases
of releasing planktonic bacteria under ideal conditions in the

absence of antibiotic treatments, resulting in recurring disease
symptoms (10).

We then compared the MIC and MBC of meropenem, a car-
bapenem with increased resistance to �-lactamases, for P. aerugi-
nosa PAO1 (11). While being more resistant to �-lactamases,
meropenem has also been shown to induce �-lactamase expres-
sion to a greater degree than ceftazidime (12). As shown in Fig. 1,
the MBC and MIC of the bacteria released from the mature bio-
film (Fig. 1b) were slightly greater than the MBC and MIC of
bacteria released from the young biofilm (Fig. 1a); however, this
was significantly less than the difference observed with ceftazi-
dime, where the MIC was over 1,000-fold higher for the mature
biofilm. These results suggest that there may be differences be-
tween the young and mature biofilms in the expression of factors
involved in �-lactam resistance.

The lower phenotypic tolerance to meropenem shown by
mature biofilms further suggests that �-lactamase production
is crucial for tolerance of ceftazidime in P. aeruginosa biofilms.
We found, as previously reported (6), that meropenem expo-
sure stimulated significantly more �-lactamase production
than ceftazidime exposure. After 5 h of exposure to high con-
centrations of both meropenem and ceftazidime, the young
biofilms produced less �-lactamase than the mature biofilms
(P � 0.03 and P � 0.005, respectively) (Fig. 2a); however, after
24 h of meropenem exposure, the mature biofilm had de-
creased its production of �-lactamase (P � 0.04) (Fig. 2b).
There was decreased �-lactamase production by all planktonic
bacteria exposed to ceftazidime or meropenem after 24 h (P �
0.05). It has been shown that ceftazidime stimulates �-lacta-
mase production in the outer layers of P. aeruginosa biofilms
and that this production peaks after 4 to 5 h of induction and is
nonexistent after 10 h (1, 2). This was not the case with mature
biofilms, which maintained �-lactamase production after 24 h
of exposure to both high and low concentrations of ceftazi-
dime. �-Lactamase production by released planktonic bacteria
appears to drop dramatically after 24 h; however, the amount
of �-lactamase activity in each sample maintained high levels
and appeared lower after protein normalization due only to the
high growth of bacteria.

From these results, it appears that mature biofilms are the ma-
jor producers of �-lactamase after 5 h of high ceftazidime expo-
sure. The concentration of antibiotics may be lowered by enzy-
matic hydrolysis, allowing the growth of planktonic bacteria. At
the 24-h time point, the biofilm maintains �-lactamase produc-
tion when exposed to ceftazidime; however, it is unable to main-
tain high levels of production against meropenem and no released
planktonic bacteria are able to survive. This implies that mature
biofilms are able to initially weather the storm of antibiotic expo-
sure and then create an environment that allows their own sur-
vival and the survival of any planktonic bacteria released as well as
of any other opportunistic bacteria, since the �-lactam breakdown
benefits all microorganisms (3). This could give insight into the
observation that repeated treatment with ceftazidime in cystic fi-
brosis patients decreases its ability to eliminate symptoms while
not resulting in selection of hyperresistant P. aeruginosa mutants
(15). In conclusion, these results suggest that ciprofloxacin or gen-
tamicin should be beneficial to treat P. aeruginosa infection when-
ever such treatment is possible, since they are effective against all
forms of P. aeruginosa growth. Ceftazidime use against these in-

FIG 1 Antibiotic susceptibilities of a young (4-h) biofilm (a) and a mature
(24-h) biofilm (b), showing the log-transformed MBEC of the biofilm and the
MIC and MBC values of the bacteria released from the biofilm following 24 h
exposure to antibiotics.
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fections should be avoided and certainly limited to early acute
infections.
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