






aliquoted into 24-well plates, 1 ml per well. Disrupted conditions (both
planktonic disrupted and biofilm disrupted) were homogenized at T � 0
and every hour thereafter. All treatment classes were incubated at 37°C for
3 h, but biofilm conditions were incubated statically and planktonic con-
ditions were incubated with vigorous shaking. At the end of the exposure
period, all of the cultures were disrupted for 10 s, and total viable cell
densities were estimated. The results are presented as relative kill, which is
calculated by dividing the density of cells at T � 3 by the initial cell density
(T � 0).

Statistical analysis. Statistical analysis was performed in JMP 9 (SAS
Institute, Inc., Cary, NC) and SPSS (IBM, Armonk, NY). All drug treat-
ments were assessed with one-way analysis of variance (ANOVA) com-
paring growth conditions with Tukey’s HSD post hoc analysis for all pair-
wise comparisons. For drugs where Levene’s test for homogeneity of
variance was significant, Welch’s ANOVA was used followed by Games-
Howell post hoc analysis. Statistical outliers, as determined by a Grubb’s
test, were removed from the data set prior to analysis.

RESULTS

Figure 1 presents the results of calibration experiments to deter-
mine the effects of the experimental conditions on both E. coli and
S. aureus biofilms. The efficacy of disruption was measured in two
ways: as an increase in the density of viable cells in the planktonic
phase (Fig. 1A) and as a decline in the surface-attached biomass as
measured by a crystal violet assay (Fig. 1B). By both measures, a
10-s disruption was sufficient for the maximal release of biofilm
cells; the slight increases seen with longer disruptions were not
statistically significant.

Since our goal was to compare bacteria within biofilms to
planktonic cells, it was critical to determine the extent to which
our protocol (washing, addition of fresh medium, and incubation
at 37°C) contributes to the release of cells from the biofilms (30).
To answer this question, the fraction of cells in the biofilm was
followed throughout the experimental procedure. Prior to manip-
ulation, both E. coli and S. aureus are biased toward biofilm for-
mation; 94.7% and 88.9% of cells, respectively, in these 24-hour
cultures are in the biofilm (Fig. 1C). Washing the biofilms and
adding fresh medium had no apparent effect on the distribution of
biofilm and planktonic cells for E. coli (97.3% cells in biofilm)
(Fig. 1C) but induced substantial shedding in S. aureus (68% re-
maining in the biofilm). As anticipated from reference 30, incu-
bation at 37°C for 3 h induced shedding in the E. coli biofilms;
however, the majority of the cells (76.6%) are still in the biofilm
phase. S. aureus biofilms did not show the same propensity to shed
during this 3-h incubation; 68.3% were present in the biofilm
fraction.

The MICs for the antibiotics and bacteria used in this study
were estimated with a serial dilution procedure as described in
reference 13, but using the medium that promotes biofilm forma-
tion: LB for E. coli and TSB for S. aureus (Table 1). Both LB and
TSB resulted in higher estimated MICs for some drugs relative to
that observed in standard Mueller-Hinton II medium (data not
shown).

To assess the contribution of physical structure to the antibi-
otic resistance of biofilms, the intact and disrupted biofilm cul-
tures were exposed to 40� MIC of drugs from different classes.
The disrupted subset was subjected to mechanical disruption at
T � 0 and every hour throughout the course of the experiment to
minimize reseeding of the biofilm. To determine whether the cells
released from the disrupted biofilms are physiologically similar to
cells in an aerated planktonic culture, an equivalent density (�108

CFU/ml) of cells grown in well-agitated liquid culture were also
challenged with antibiotics. To control for the effects of cell dam-
age due to disruption, planktonic cultures were also subjected to
periodic disruption. In sum, there are four classes with the follow-
ing designations: (i) biofilm, cells within biofilms; (ii) disrupted
biofilm, cells mechanically released from biofilms; (iii) plank-
tonic, cells from cultures grown under planktonic conditions; and
(iv) planktonic disrupted, planktonic cultures with periodic dis-
ruption.

The results of this experiment with E. coli are presented in Fig.
2. In the absence of drugs, there is a net increase in the densities of
the bacteria in all cultures, though planktonic conditions showed
a greater increase in density than biofilm conditions (Fig. 2A).
Mechanical disruption did not affect the number of viable cells in
either class. For ciprofloxacin (Fig. 2C) and colistin (Fig. 2D),
there were no significant differences in the fraction of cells surviv-
ing exposure for any of the four treatment classes. There were,
however, substantial differences in the extent to which these two
antibiotics kill, an �2.5-log decrease for ciprofloxacin and a 7-log
reduction in the density of viable cells exposed to colistin. For both
streptomycin (Fig. 2E) and tetracycline (Fig. 2F), the cells in the
biofilm were more refractory to treatment than the corresponding
planktonic and disrupted planktonic controls. Due to the high
variance in survival, the cells released from the biofilm were sta-
tistically indistinguishable from the other treatment classes. How-
ever, the absolute extent of kill of these two antibiotics differed

FIG 3 Survival of E. coli MG1655 csrA biofilm and planktonic cells in the
presence of low concentrations of colistin and streptomycin. Cells were ex-
posed to 10� MIC of colistin or streptomycin, and viable cell densities were
estimated at 3 h. (A) Colistin; (B) streptomycin. Bars represent the standard
error. Letters represent statistically homogeneous subsets with an � value
of 0.05.
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considerably, with streptomycin being far more bactericidal than
tetracycline. The last pattern of susceptibility is that seen with
ampicillin (Fig. 2B). For this drug, mechanical disruption in-
creased the susceptibility to killing, but there was no evidence that
cells in biofilms were less susceptible to this beta-lactam antibiotic
than planktonic cells.

Due to the extent of kill by streptomycin and colistin in the
above 40� MIC challenge experiments, differences in susceptibil-
ity among the four treatment classes may not be detectable. To
determine if this was the case, we performed similar time-kill ex-
periments with these drugs at 10� MIC (Fig. 3). At this concen-

tration, colistin was far more effective in killing planktonic cells
and cells released from the biofilm than those in intact biofilms
(Fig. 3A). While it is clear that streptomycin at 10� MIC was
slightly more effective in killing planktonic cells than cells released
from biofilms, it is less clear whether there is any difference in
killing between planktonic cells and cells within biofilms (Fig. 3B).
By a Games-Howell post hoc analysis (23), this difference in sen-
sitivity is not statistically significant, but with the less conservative
Tukey’s honestly significant difference post hoc analysis (28), in-
tact biofilms are statistically less sensitive to streptomycin than are
the other three classes.

FIG 4 Survival of S. aureus 35556 biofilm and planktonic cells in the presence of high antibiotic concentrations. Cells were exposed to 40� MIC of the indicated
drugs, and viable cell densities were estimated at 3 h. (A) Control, no drug; (B) ciprofloxacin; (C) daptomycin; (D) gentamicin; (E) oxacillin; (F) vancomycin.
Bars represent the standard errors. Letters represent statistically homogeneous subsets with an � value of 0.05.
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In Fig. 4, the results of time-kill experiments with S. aureus
challenged with 40� MIC of various antibiotics are presented. In
the absence of drug, the cells in all four conditions grew equiva-
lently, with no indication of damage due to disruption (Fig. 4A).
Each antibiotic had a unique pattern of susceptibility with respect
to the four treatment groups. For ciprofloxacin, intact biofilms
were as sensitive to killing as were planktonic cells (both intact and
disrupted), but cells released from the biofilm were more suscep-
tible to the drug, though the difference was not great (Fig. 4B). In
contrast, daptomycin was slightly less effective against intact bio-
films than planktonic cells and, as with ciprofloxacin, disruption
of the biofilm structure increased the extent of killing (Fig. 4C).
Gentamicin was the most effective antibiotic against S. aureus un-
der all conditions (Fig. 4D). However, no differences were seen
between the four culture conditions. As seen with ampicillin and
E. coli (Fig. 2B), disruption influenced the susceptibility of the cells
to oxacillin, where intact planktonic and biofilm cells were equally
sensitive to killing, while disrupted cells were slightly less sensitive
(Fig. 4E). For vancomycin, disruption had no effect on drug sus-
ceptibility; intact and disrupted planktonic cells formed one ho-
mogeneous subset that did not overlap intact and disrupted bio-
films (Fig. 4F). Unexpectedly, biofilms, either intact or disrupted,
were more sensitive to drug killing than were planktonic cells.

To determine whether the failure to detect differences in sus-
ceptibility to gentamicin among classes is an artifact of the high

rate of kill of this drug at 40� MIC, this experiment was repeated
with gentamicin at 10� MIC. The results are presented in Fig. 5.
With the lower overall killing, the resistance inherent to biofilms is
readily apparent, with no loss of viable cells after a 3-h exposure.
In contrast, the cells released from the biofilm were as sensitive to
killing as the cells in either planktonic class.

DISCUSSION

We examined the relative contributions of the physiological state
of cells within biofilms and the physical structure of their habitat
to the sensitivity of bacteria to antibiotics. For this, we compared
the relative extent of antibiotic-mediated killing of E. coli and S.
aureus within biofilms to that of cells released from these struc-
tures. As additional controls, we estimated the extent of kill of a
similar density of planktonic bacteria that were or were not sub-
jected to the disruption procedure used to suspend the bacteria
within the biofilms. Five classes of antibiotics were used for each of
these two species.

For the majority of the drugs tested, the relative susceptibility
to antibiotics of bacteria within biofilms was comparable to that of
the corresponding planktonic population of similar density.
There were exceptions, however, which are summarized in Fig. 6.
Colistin, streptomycin, and gentamicin were substantially more
effective in killing planktonic cells than those embedded within
biofilms. Ampicillin, tetracycline, and ciprofloxacin (for S. au-
reus) also manifest drug-related differences in the efficacy against
bacteria in the different growth conditions. Although statistically
significant, these differences were too small to be biologically or
clinically important.

For colistin, streptomycin, and gentamicin, the structure of the
biofilm was important, putatively providing protection for the
cells within. Surprisingly, residence within a biofilm was not al-
ways protective in this way; vancomycin was more effective in
killing S. aureus in biofilms than it was in killing planktonic cells;
however, the difference is not great and unlikely to be biologically
relevant.

The results of our experiments also suggest that E. coli cells
released from biofilms and suspended in liquid are physiologically
different from planktonic cells that have never been within a bio-
film. As measured by the extent of kill, colistin and streptomycin
are less effective in killing cells released from biofilms than the
corresponding population of planktonic cells. The opposite is true
for ampicillin, though to a lesser degree. This difference between

FIG 5 Survival of S. aureus biofilms and planktonic cells in the presence of low
concentrations of gentamicin. Cells were exposed to 10� MIC of gentamicin, and
viable cell densities were estimated at 3 h. Bars represent the standard errors. Let-
ters represent statistically homogeneous subsets with an � value of 0.05.

FIG 6 Relative efficacy of antibiotics under different culture conditions. Relative efficacy is the ratio of the average relative kill of the given antibiotic in the given
condition to the average relative kill of the antibiotic in intact biofilm conditions. Values less than 1 indicate that the drug is less effective against bacteria in
biofilms than bacteria of the comparison state. The colistin, streptomycin, and gentamicin values were calculated from the experiments with 10� MIC; all other
values were calculated from the experiments with 40� MIC. White bars are these ratios for planktonic cells, and the dark gray bars are these ratios for disrupted
biofilm. (A) E. coli; (B) S. aureus.
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cells released from biofilms and planktonic cells of the same den-
sity was not observed for any of the antibiotics used in the S. aureus
experiments. However, we do not interpret this result to mean
that mechanically released S. aureus biofilm cells are physiologi-
cally identical to planktonic cells. Rather, with the antibiotics
tested here, we were not able to detect such a difference.

The procedure used here was designed to assess the contribu-
tion of physical structure to the phenotypic resistance of biofilms
without genetic or chemical methods that could be confounded by
pleiotropic effects. While we cannot exclude the possibility that
the mechanical disruption of the biofilm damaged the cells and
changed their sensitivities to antibiotics, it is unlikely that such
damage accounts for our results. Most of the drugs showed no
change in sensitivity upon disruption of either planktonic or bio-
film conditions, as would be expected if cell damage contributed
to the observed differences in susceptibility to antibiotics. Only
oxacillin differentially killed undisturbed and disrupted plank-
tonic cells, but this disruption resulted in less rather than greater
killing (Fig. 4E). Moreover, among the cultures not exposed to
drugs, the disrupted cells grew at the same rate as the intact cells,
indicating no gross loss of viability due to disruption.

It is well known that the efficacy of many antibiotics is corre-
lated with the growth rate of the bacteria (10, 14, 56). The condi-
tions utilized in this study do not allow for substantial growth
during the challenge period; however, some growth does occur
under all conditions (Fig. 2A and 4A). For E. coli, the bacteria in
the biofilm or released from the biofilm grew to a lower density
than planktonic cells that had never been within a biofilm. This
raises the possibility that differences in rate of growth or capacity
to saturate the resources (broadly, their physiological state) could
contribute to differences in the extent of kill between planktonic
and biofilm conditions. This is clearly not the case for S. aureus,
where in the absence of antibiotics, under all four conditions con-
sidered, the bacteria grew to the same extent.

How do the results of the experiments performed here com-
pare to those of other quantitative studies of the pharmacodynam-
ics of antibiotics and bacteria in biofilms? In a series of studies in
the 1990s, Gilbert and colleagues explored the contribution of the
structure of biofilms to the antibiotic sensitivity of bacteria (17,
18, 21, 24). For their investigations, biofilms were formed and
maintained by continuous perfusion of membranes (24). As in the
present study, they compared the extent of kill over a defined
period for the bacteria within the biofilms to that of cells mechan-
ically or naturally released from the biofilms and to planktonic
cells. They made these comparisons for four pairs of bacteria and
antibiotics. As observed here, the structure of the biofilm did not
contribute to the sensitivity of E. coli or staphylococci to cipro-
floxacin (18, 21). In their study with tobramycin and Staphylococ-
cus epidermidis, the bacteria within the biofilm were more resis-
tant to the drugs than were those released from the biofilm (17),
which is consistent with our results for gentamicin and S. aureus
(Fig. 5).

The most surprising result of the current study was that the
resistance of bacteria in biofilms to the majority of antibiotics
studied can be attributed to the density and physiological state of
the culture rather than their residence within biofilms. Neither the
extent nor the dynamics (data not shown) of killing differed con-
siderably between planktonic and biofilm cells for seven of the 10
drug-bacteria combinations. This is in line with the observation of
Qu and colleagues (47) that multilayer biofilms of S. epidermidis

were no more resistant to antibiotic challenge than were mono-
layer biofilms. Although the authors concluded that the increased
resistance could be attributed to adherence of cells to surfaces,
their experimental design does not enable them to distinguish the
effects of adhesion from that which can be attributed to culture
density. Our results show that high-density planktonic growth
stimulates the same level of resistance as adherent biofilms, and
disruption of biofilms (and loss of adherence) does not necessarily
reduce resistance.

Our observation that bacteria released from biofilms are more
susceptible than planktonic cells to colistin and aminoglycosides
is particularly interesting in light of recent information on biofilm
physiology. Unlike the other drugs tested, these antibiotics either
target the cell membrane (colistin) (32) or are dependent on
membrane function for uptake (streptomycin, gentamicin) (54).
Together with the lack of structure-specific resistance to the other
drugs, these results suggest that the membranes of biofilm cells
may be different from those of planktonic cells and that the struc-
ture (i.e., the matrix) of the biofilm acts as a shield for these more
sensitive cells. This is in line with several recent studies that have
shown that the cell membrane physiology changes significantly
during biofilm growth (1, 12, 45, 49, 55). Thus, a picture is begin-
ning to emerge wherein membrane charge and physiology are
different in biofilm cells relative to their planktonic counterparts,
and this difference can contribute to the efficacy of antibiotic ther-
apy. One interpretation of our results with the aminoglycosides
and colistin is that the structure of the biofilm may confound, to
some extent, the intrinsic sensitivity of the bacteria within bio-
films to these drugs.

At present, the primary and often unique measure of the phar-
macodynamics of antibiotics and their target bacteria is the MIC
(3, 7, 25), which is also used as a measure of susceptibility (resis-
tance) (13, 20, 42). While this in vitro measure of the potential
clinical efficacy of antibiotics has the virtue of being readily esti-
mated in a standardized way, it is restricted to relatively low den-
sities of planktonic cells growing exponentially under conditions
that are optimal for action of the drug (13). These conditions are
limited and unlikely to be met in populations of bacteria in in-
fected patients. Among the additional factors affecting the efficacy
of antibiotics (4, 6–8, 10, 25, 37, 38, 41, 48, 53, 56, 57, 59) is the
physical structure of the target population of bacteria and in par-
ticular their residence in the polysaccharide matrices of biofilms.
The method employed in this study provides a simple and broadly
applicable way to evaluate the PD of antibiotics and bacteria in
biofilms. The application of this measure in combination with
other in vitro measures of the PD of antibiotics will provide a
broader foundation for the rational design of antibiotic therapy
than that currently employed.
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