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FIG. 1. CBD for biofilm antibiotic susceptibility testing. (A) Tilt table used to
create the shear force required for biofilm formation. The table can be placed in
incubators to control temperature or oxygen tension. (B) Cutaway view of the
device showing the pins sitting in the channels of the incubation tray. (C) Top
plate of the device.

Biofilm growth curves. Biofilms of each isolate were initiated as described
above. At specific time points two pegs from different points on the lid were
removed, placed in microcentrifuge tubes containing 200 .l of TSB, and sonicat-
ed as described above. Viable counts were determined on TSA plates. The same
procedure was used to control for the numbers of CFU per peg in all antibiotic
susceptibility tests prior to exposure to antibiotic.

Antibiotic susceptibility tests. (i) Antibiotic preparation. Amikacin (ICN),
ampicillin (Sigma), aztreonam (ICN), cefazolin (Sigma), cefotaxime (Sigma),
ceftazidime (Eli Lilly), ciprofloxacin (Bayer), clindamycin-HCI (Pharmacia &
Upjohn), gentamicin sulfate (Sigma), imipenem (Merck-Frost), oxacillin (Sig-
ma), penicillin G (Sigma), piperacillin (Sigma), tobramycin (Sigma), and vanco-
mycin (Sigma) were prepared as stock solutions of 6,200 wg/ml, and the stock
solutions were stored at —80°C. Working solutions were prepared in CAMHB at
a concentration of 1,024 pg/ml, and from these working solutions serial twofold
dilutions were made in CAMHB in the wells of the 96-well plate.

(ii) Biofilm susceptibility testing. Biofilms were formed on the lid of the CBD
as described above and were then transferred to a standard 96-well plate in which
dilutions of the specified antibiotics were prepared in CAMHB. Antibiotic plates
were incubated overnight at 35°C, after which the lid was removed, rinsed in
phosphate-buffered saline, and placed in a second 96-well plate containing
CAMHB. The biofilm was removed from the CBD lid by sonication as described
above, a new plate cover was added, and the viability of the biofilm was deter-
mined after 24 h of incubation at 35°C either by obtaining plate counts or by
reading the turbidity at 650 nm in a 96-well plate reader (Molecular Devices from
Fisher Canada). The minimal biofilm eradication concentration (MBEC) was
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defined as the minimal concentration of antibiotic required to eradicate the
biofilm.

(iii) MIC assays. MICs were determined according to the 1997 guidelines of
NCCLS. The concentration of antibiotic required to prevent the growth of a
planktonic population was also derived from the CBD by measuring the turbidity
at 650 nm after incubation of the isolate in antibiotics for 24 h. In this case the
MIC (CBD) was defined as the lowest concentration of antibiotic in which a
planktonic bacterial population could not be established by shedding of bacteria
from the biofilm.

SEM. Pins were broken from the lid and allowed to air dry overnight. Samples
were then fixed with 2.5% glutaraldehyde in phosphate-buffered saline (0.2 M;
pH 7.4) and were prepared for scanning electron microscopy (SEM) on a Hitachi
model 450 scanning electron microscope as reported previously (12).

Statistics. The biofilms that formed on each of the pegs were compared by
one-way analysis of variance by applying the Bartlett’s test for homogeneity of
variances and the Tukey-Kramer multiple-comparisons test.

RESULTS

Biofilm formation on the CBD. Biofilm growth curves for
E. coli, P. aeruginosa, and S. aureus are shown in Fig. 2. Den-
sities of 4 X 10° organisms per peg were reached by E. coli
in 6 h, P. aeruginosa in 4 h, and S. aureus in 7 h. E. coli and
P. aeruginosa reached final biofilm concentrations of 3 X 107 to
5 % 107 after 24 h, and S. aureus reached a maximal density of
1 X 10° to 2 X 10° CFU/peg. To test the variability of biofilms
formed at each peg site, the biofilms were grown to reach a
specific density, as predicted by the growth curve. The lid was
then sonicated and the contents of each well were plated. No
difference was seen between the biofilms that formed on the
pegs of each row, as shown for P. aeruginosa in Fig. 3. Table 1
compares the mean, median, standard deviation, lower and
upper 95% confidence intervals, and maximum and minimum
counts found across the device at 4 and 24 h of growth of
P. aeruginosa, and the results validate the equivalence of each
of the 96 biofilms produced. The data in Fig. 3 represent data
from four separate experiments. SEM of the biofilm formed by
E. coli on the CBD (Fig. 4) demonstrates the attached bacteria
and the formation of a biofilm.

Antibiotic susceptibility of E. coli ATCC 25922. E. coli bio-
films that were grown for 6 h and that reached counts of 1.5 X
10° CFU/peg were used for susceptibility testing. Two pegs
from all plates used in these studies were sonicated, and plate
counts were determined to ensure that the appropriate bio-
film had been developed during the incubation period. The
MICs and MBECs of penicillins (ampicillin and piperacillin),
cephalosporins (cefazolin and cefotaxime), aminoglycosides
(gentamicin and tobramycin), quinolones (ciprofloxacin), and tri-
methoprim-sulfamethoxazole for E. coli ATCC 25922 are pre-
sented in Table 2. Similar results were obtained in at least two
independent studies with each organism. The MICs of ampi-
cillin, piperacillin, cefazolin, ciprofloxacin, and trimethoprim-
sulfamethoxazole either obtained by the NCCLS standard
method or derived from the CBD were similar and within the
NCCLS quality control (QC) range for this organism. The
NCCLS method-derived MICs of cefotaxime and tobramycin
fell within the NCCLS QC range; however, the MICs derived
from the CBD were approximately 10-fold higher for cefo-
taxime and 4-fold higher for tobramycin. The MIC of genta-
micin was 1 dilution above the maximum QC value when the
MIC was derived by NCCLS methods and 1 further dilution
higher when it was derived from the CBD. The biofilm formed
by this E. coli strain proved to be significantly more resistant to
antibiotics than a planktonic culture of the same organism. The
MBECs were 1,000-fold or more greater than the MICs for
ampicillin, ciprofloxacin, cefazolin, cefotaxime, and trimetho-
prim-sulfamethoxazole. The MBEC of piperacillin fell in the
intermediate range of susceptibility for MIC assays. The gen-
tamicin concentration required for biofilm eradication was
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FIG. 2. Growth curves of E. coli ATCC 25922 (A), P. aeruginosa ATCC
27853 (B), and S. aureus ATCC 29213 (C) demonstrating that a biofilm of a
specific size can be produced over a specific period of growth on the CBD. The
number of bacteria per peg was determined by breaking pegs from the lid at
appropriate times and determining the bacterial number as described in Mate-
rials and Methods.
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FIG. 3. Mean number of CFU of P. aeruginosa per peg on the MBEC device
determined by plating bacteria sonicated from each peg position for biofilms
grown for 4 or 24 h, as described in Materials and Methods. The values obtained
were compared by analysis of variance and Bartlett’s test for homogeneity of
variance. No significant difference was found between rows (P = 0.9982).

high, i.e., within resistant levels in MIC assays, but was within
ranges achievable in humans. The most active antibiotic
against the E. coli biofilm was tobramycin, with an MBEC of 2
pg/ml; the organism would be considered sensitive under NC-
CLS standards for an MIC assay.

Antibiotic susceptibility of P. aeruginosa ATCC 27853. P.
aeruginosa biofilms of 3 X 10° CFU/peg were formed in 4 h of
incubation. The MICs and MBECs of a penicillin (piperacil-
lin), a cephalosporin (ceftazidime), a quinalone (ciprofloxa-
cin), aminoglycosides (amikacin, gentamicin, and tobramycin),
monobactams (aztreonam), and carbapenems (imipenem),
which are typically used against P. aeruginosa, were obtained.
The MICs obtained by NCCLS methods fell within the pre-
scribed QC range, as did the MICs derived from the CBD, for
all antibiotics except gentamicin, which required 1 higher di-
lution (Table 3). Again, a marked difference between the MICs
and the MBECs of most antibiotics was seen. Aztreonam,
ceftazidime, imipenem, and piperacillin showed no activity at
concentrations 1,000-fold or more greater than the MIC. The
concentration of gentamicin required to eliminate the biofilm
was 60-fold greater than the MIC. The other aminoglycosides
(tobramycin and amikacin) were effective against the biofilm at
concentrations within the susceptible range for the MIC assay.
Ciprofloxacin required a concentration of 4 pg/ml to eradicate
the biofilm, but this concentration falls outside the susceptible

TABLE 1. Colonization at each peg site of MBEC assay
system for P. aeruginosa grown for 4 or 24 h®

Log,, count/peg

Parameter

4 h 24 h
Mean 5.725 7.202
Median 5.778 7.204
SD 0.448 0.383
Lower 95% CI? 5.634 7.124
Upper 95% CI 5.816 7.280
Minimum 5.000 6.477
Maximum 6.602 7.954

“ Biofilms of P. aeruginosa grown for 4 or 24 h as described in Materials and
Methods were sonicated and plated. The variability between pegs was deter-
mined by statistical procedures as described in Materials and Methods.

b CI, confidence interval.
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FIG. 4. Scanning electron micrograph of an E. coli biofilm formed on the MBEC device. Pins from the device were broken off and fixed as described in Materials

and Methods. Bar, 50 pm.

range by MIC standards but still represents obtainable drug
levels.

Antibiotic susceptibility of S. aureus ATCC 29213. S. aureus
biofilms of 2 X 10° CFU/peg were formed in 6 h of incubation.
The susceptibility of this QC isolate to penicillins (penicillin
and oxacillin), a cephalosporin (cefazolin), a quinolone (cip-
rofloxacin), an aminoglycoside (gentamicin), a glycopeptide
(vancomycin), and clindamycin was determined. The MICs of
all the antibiotics obtained by the NCCLS protocol fell within
the QC range, as did the MICs of all antibiotics as derived from
the CBD (Table 4). Again, the MICs were not always predic-
tive of the MBECs. The MBEC:s of penicillin, oxacillin, cefa-
zolin, ciprofloxacin, clindamycin, and vancomycin were 100- to
1,000-fold higher than the MICs for planktonic populations of
this organism. Only the aminoglycoside gentamicin had activity
against the S. aureus biofilm.

TABLE 2. Antibiotic susceptibility of E. coli ATCC 25922 as a
planktonic population (MIC) and as a biofilm population (MBEC)
as derived by the NCCLS assay and an assay with the CBD

MIC (pg/ml)* MBEC (pg/ml)

Antibiotic NCCLS Assay with “
assay” C]%’D” Asso 0 CFU/peg®
Ampicillin 2 4 >1,024 >1,024
Piperacillin 1 4 32 32
Cefazolin 1 4 >1,024 >1,024
Cefotaxime 0.06 1 256 256
Ciprofloxacin 0.004 0.008 8 8
Gentamicin 2 4 16 16
Tobramycin 1 4 2 2
Trimethoprim-sulfa-  0.06/1.14 0.12/2.28 64/1,216 32/608
methoxazole

DISCUSSION

The CBD produced 96 equivalent biofilms, making it the
first assay system truly amenable to antibiotic susceptibility
testing for adherent bacterial populations. The reproducibili-
ties of the results for biofilms formed on each of the pegs of the
CBD demonstrate the equivalence of the biofilms formed at
each of the sites for susceptibility testing. In addition, the
reproducible growth curves obtained for each isolate demon-
strate that biofilms of a predicted size can be formed on each
peg of the CBD lid (Fig. 2). It is therefore possible to select a
target biofilm size for antibiotic susceptibility testing and to
expose the biofilm to multiple antibiotics in a single assay.
SEM of the biofilms that formed (Fig. 3) on the CBD demon-
strates the typical biofilm appearance, as seen on the modified
Robbin’s device (MRD) or on catheter surfaces (12, 13).
Therefore, the major advantages offered by the CBD are its

TABLE 3. Antibiotic susceptibility of P. aeruginosa ATCC 27853 as
a planktonic population (MIC) and as a biofilm population (MBEC)
as derived by the NCCLS assay and an assay with the CBD

MIC (pg/ml) MBEC (pg/ml)
Antibiotic :
N SSS;;S Assay with Agse’ 0 CFU/peg”
Amikacin 2 4 16 16
Aztreonam 2 4 >1,024 >1,024
Ceftazidime 1 2 >1,024 >1,024
Ciprofloxacin 0.25 0.25 4 4
Gentamicin 2 4 128 128
Imipenem 1 4 >1,024 >1,024
Piperacillin 2 16 >1,024 >1,024
Tobramycin 0.5 1 2 2

“ The values were obtained by measuring the turbidity at 650 nm (A4s,) on a
96-well plate reader.
> The values were obtained by determination of plate counts.

“ The values were obtained by measuring the turbidity at 650 nm (A4s,) on a
96-well plate reader.
? The values were obtained by determination of plate counts.
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TABLE 4. Antibiotic susceptibility of S. aureus ATCC 29213 as a
planktonic population (MIC) and as a biofilm population (MBEC)
derived by the NCCLS assay and an assay with the CBD

MIC (j.g/ml) MBEC (ng/ml)
Antibiotic .
NCCLS Assay with “ b
assay”’ CBD“ Asso 0 CFU/peg’
Cefazolin 0.5 0.5 >1,024 >1,024
Ciprofloxacin 0.25 0.5 512 512
Clindamycin 0.12 0.25 128 256
Gentamicin 0.5 0.5 2 2
Oxacillin 0.12 0.25 >1,024 >1,024
Penicillin 1 4 128 128
Vancomycin 1 1 >1,024 >1,024

“ The values were obtained by measuring the turbidity at 650 nm (445,) on a
96-well plate reader.
® The values were obtained by determination of plate counts.

multiple equivalent biofilms that can be used for testing and its
ease of use. The CBD requires no pumps or tubing, making the
process much simpler to set up than the MRD, and eliminates
a major source of possible contamination. The availability of
multiple testing sites greatly reduced the time required to
determine the antibiotic susceptibilities of biofilms from weeks
with the MRD to 3 days with the CBD. The CBD is also
amenable to automation because it is built on the typical plat-
form for 96-well plates. There were no differences in the
MBEC:s for all three organisms obtained either by reading of
the turbidity at 650 nm or by quantitative bacteriology. This
eliminates the need in most cases to do quantitative microbi-
ology to obtain MBECsS, again contributing to the ease of use
of the assay and contributing to its automation potential.

The MICs obtained by NCCLS standard protocols and those
obtained with the CBD were similar for almost all antibiotics
tested. This is an interesting observation in that the planktonic
population tested for antibiotic susceptibility by the assay with
the CBD is one that was continually shed from the biofilm,
whereas a prescribed inoculum was tested by the NCCLS as-
say. The data could be interpreted to indicate that the MIC is
predictive of antibiotic efficacy against bacteria being seeded
from a nidus of infection, such as a biofilm on a catheter or a
line. This is consistent with what is often seen in recurrent
infections. Antibiotics that are seen to be effective in MIC
assays are able to produce symptomatic relief by eliminating
the planktonic population; however, because the biofilm is not
eliminated by antibiotic treatment, reinfection occurs once the
antibiotic is removed.

A clear difference in antibiotic susceptibility was seen be-
tween planktonic populations of each of the bacteria tested
and the biofilm populations of the same organism. These re-
sults obtained with the CBD are in keeping with previously
reported results obtained with the MRD and by other methods
of biofilm production (8, 12, 14, 22). The data produced by
Morck et al. (12), who used the MRD, have recently been
compared to data derived from the CBD, with the only differ-
ence being that the current technology allows a more detailed
analysis of susceptibility because the number of samples that
could be handled was greatly increased (1). As a biofilm, each
of the isolates had an unique susceptibility to the group of
antibiotics tested. E. coli ATCC 25922 was the most sensitive to
tobramycin, with the other aminoglycoside tested (gentamicin)
and the B-lactam piperacillin showing some activity against E.
coli. The P. aeruginosa ATCC 27853 biofilm was the most
susceptible to the aminoglycosides tobramycin and amikacin
but was not nearly as susceptible to gentamicin. Eradication of

ANTIBIOTIC SUSCEPTIBILITIES OF BACTERIAL BIOFILMS

1775

the Pseudomonas biofilm could also be obtained with cipro-
floxacin at obtainable concentrations. The biofilm of S. aureus
ATCC 29213 proved to be very difficult to eradicate, with only
gentamicin proving to be effective at achievable drug concen-
trations.

It is clear that the antibiotic susceptibilities of planktonic
populations, as determined by MIC methodologies, are not
necessarily applicable to effective treatment of the same or-
ganism once a biofilm has been established. One problem
faced in selecting alternative antibiotic treatment has been the
lack of an easy, reproducible assay which could provide a
measure of antibiotic activity against a biofilm. The CBD pro-
vides a new technology that can be applied to recalcitrant,
recurrent, or device-related infections caused by organisms for
which MICs have not provided clinically relevant information.
The CBD should also prove to be important in the develop-
ment of new antibiotics selected for their efficacies against
biofilms.
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