
  Published Ahead of Print 16 December 2013. 
10.1128/AAC.01858-13. 

2014, 58(3):1348. DOI:Antimicrob. Agents Chemother. 
Bambeke
Nathalie M. Vandevelde, Paul M. Tulkens and Françoise Van

Model
 PharmacodynamicIn VitroBiofilms in an 

Induced Streptococcus pneumoniae 
Antibiotic Activity against Naive and

http://aac.asm.org/content/58/3/1348
Updated information and services can be found at: 

These include:

SUPPLEMENTAL MATERIAL  Supplemental material

REFERENCES
http://aac.asm.org/content/58/3/1348#ref-list-1at: 

This article cites 74 articles, 40 of which can be accessed free

CONTENT ALERTS
 more»articles cite this article), 

Receive: RSS Feeds, eTOCs, free email alerts (when new

http://journals.asm.org/site/misc/reprints.xhtmlInformation about commercial reprint orders: 
http://journals.asm.org/site/subscriptions/To subscribe to to another ASM Journal go to: 

http://http://aac.asm.org/content/58/3/1348
http://aac.asm.org/content/suppl/2014/02/11/AAC.01858-13.DCSupplemental.html
http://aac.asm.org/content/suppl/2014/02/11/AAC.01858-13.DCSupplemental.html
http://aac.asm.org/content/58/3/1348#ref-list-1
http://aac.asm.org/cgi/alerts
http://aac.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://aac.asm.org/
http://aac.asm.org/
http://aac.asm.org/
http://aac.asm.org/


Antibiotic Activity against Naive and Induced Streptococcus
pneumoniae Biofilms in an In Vitro Pharmacodynamic Model

Nathalie M. Vandevelde, Paul M. Tulkens, Françoise Van Bambeke

Pharmacologie cellulaire et moléculaire, Louvain Drug Research Institute, Université catholique de Louvain, Brussels, Belgium

Biofilms play a role in the pathogenicity of pneumococcal infections. A pharmacodynamic in vitro model of biofilm was devel-
oped that allows characterization of the activity of antibiotics against viability and biomass by using in parallel capsulated
(ATCC 49619) and noncapsulated (R6) reference strains. Naive biofilms were obtained by incubating fresh planktonic cultures
for 2 to 11 days in 96-well polystyrene plates. Induced biofilms were obtained using planktonic bacteria collected from the super-
natant of 6-day-old naive biofilms. Biomass production was more rapid and intense in the induced model, but the levels were
similar for both strains. Full concentration responses fitting sigmoidal regressions allowed calculation of maximal efficacies and
relative potencies of drugs. All antibiotics tested (amoxicillin, clarithromycin, solithromycin, levofloxacin, and moxifloxacin)
were more effective against young naive biofilms than against old or induced biofilms, except macrolides/ketolides, which were
as effective at reducing viability in 2-day-old naive biofilms and in 11-day-old induced biofilms of R6. Macrolides/ketolides, how-
ever, were less potent than fluoroquinolones against R6 (approximately 5- to 20-fold-higher concentrations needed to reduction
viability of 20%). However, at concentrations obtainable in epithelial lining fluid, the viabilities of mature or induced biofilms
were reduced 15 to 45% (amoxicillin), 17 to 44% (macrolides/ketolides), and 12 to 64% (fluoroquinolones), and biomasses were
reduced 5 to 45% (amoxicillin), 5 to 60% (macrolides/ketolides), and 10 to 76% (fluoroquinolones), with solithromycin and
moxifloxacin being the most effective and the most potent agents (due to lower MICs) in their respective classes. This study al-
lowed the ranking of antibiotics with respect to their potential effectiveness in biofilm-related infections, underlining the need to
search for still more effective options.

Biofilm has been defined as a “microbially derived sessile com-
munity characterized by cells that are irreversibly attached to a

substratum or interface or to each other, are embedded in a matrix
of extracellular polymeric substance that they have produced, and
exhibit an altered phenotype with respect to growth rate and gene
transcription” (1). Biofilms are now considered to play a major
role in pathogenesis, with more than 60% of all human bacterial
infections possibly being associated with microbial growth within
this type of structure (2). Persistence or recurrence of biofilm-
associated infections may stem not only from their role as a reser-
voir for secondary bacterial dissemination (2, 3) or their interfer-
ence with the host’s responses (prevention of phagocytosis) (4, 5)
but also from their capacity to impair antibiotic action. Possible
factors decreasing antibiotic activity include diffusion barrier ef-
fects and phenotypic or metabolic variations accompanying the
switch from a planktonic to a sessile mode of life that reduce their
susceptibility to antibiotics (6–8).

Biofilms can develop on artificial surfaces, like medical devices,
but also on tissues or mucus, as observed, for example, with Strep-
tococcus pneumoniae in nasopharynx colonization (9), otitis me-
dia (9–11), or chronic rhinosinusitis (12). Therefore, in vitro (13–
18) and in vivo (11, 19, 20) models of pneumococcal biofilms have
been developed and used to study the pathophysiology of the in-
fection as well as the activities of the antibiotics. None of these
studies, however, developed a comprehensive and comparative
pharmacodynamic model of the activity of antibiotics against bio-
films of S. pneumoniae. Moreover, they focused on short maturity
stages (14, 17, 21–25) that are probably poorly representative of
the types of biofilms that develop in chronic infections or in in-
fections occurring in deep airways (25, 26).

In the present work, we have set up in vitro models of pneumo-
coccal biofilms at both young and old maturity stages in an at-

tempt to mimic what takes place during short- and long-term
infections by S. pneumoniae. The first model consists of naive
biofilms, in which freshly grown bacteria are allowed to adhere on
multiwell plates and to form a biofilm for up to 11 days. A second
model consists of induced biofilms, in which bacteria collected
from the supernatant of naive biofilms are used as a starting inoc-
ulum. This model may better take into account the adaptative
process mediated by the quorum sensing molecules that takes
place during biofilm maturation (27, 28) and which was already
well demonstrated to take place with clinical isolates form other
bacterial species (29, 30). The models have been tested with anti-
biotics representative of the 3 main classes of antibiotics active
against S. pneumoniae, namely, amoxicillin (for �-lactams), clari-
thromycin (for macrolides), and levofloxacin and moxifloxacin
(for fluoroquinolones). We also included solithromycin, a fluo-
roketolide active against macrolide-resistant strains (31) that has
successfully completed phase II clinical trials in moderate to mod-
erately severe community-acquired pneumonia (32).
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MATERIALS AND METHODS
Bacterial strains and growth conditions. S. pneumoniae (Klein) Chester
reference strain ATCC 49619 (capsulated [serotype 19 F]; isolated from
the sputum of a 75-year-old male) (33) and R6 ATCC BAA-255 (uncap-
sulated; derived from the capsulated clinical isolate D39) (34–36) were
grown on Mueller-Hinton blood agar plates supplemented with 5% defi-
brinated horse blood at 37°C in a 5% CO2 atmosphere.

Antibiotics. The tested antibiotics were obtained as microbiological
standards from the following sources: clarithromycin (potency, 100%)
from Teva Laboratories (Paris, France), solithromycin (potency, 100%)
from Cempra Pharmaceuticals (Chapel Hill, NC), levofloxacin hemihy-
drate (potency, 97.5%) from Sanofi-Aventis Deutschland GmbH (Frank-
furt, Germany), and moxifloxacin chlorhydrate (potency, 90.9%) from
Bayer Schering Pharma AG (Berlin, Germany). Amoxicillin (potency,
100%) was procured as the corresponding branded product for human
parenteral use distributed for clinical use in Belgium as Clamoxyl iv/im by
GlaxoSmithKline s.a/n.v (Genval, Belgium). Sterile stock solutions of each
antibiotic were prepared according to the manufacturer’s instructions.

Susceptibility testing. MICs were determined by microdilution fol-
lowing the guidelines of the Clinical and Laboratory Standards Institute
(37) using cation-adjusted Mueller-Hinton broth (CA-MHB) (Becton,
Dickinson and Company, Franklin Lakes, NJ) supplemented with 5%
lysed horse blood, starting from overnight bacterial cultures diluted to an
optical density at 620 nm (OD620) of 0.08 to 0.1 (corresponding to 0.5
McFarland standard). MICs were read after 18 to 24 h of incubation at
37°C.

Development of naive and induced biofilm models. Ninety-six-well
plates (European catalog no. 734-2327; VWR, Radnor, PA) were used as
the support for the biofilm growth. In each well, 25 �l of bacterial culture
(OD620 of 0.1) was added aseptically to 175 �l of cation-adjusted Mueller-
Hinton broth (Becton, Dickinson Company, Franklin Lakes, NJ) supple-
mented with 5% lysed horse blood and 2% glucose (Sigma-Aldrich, St.
Louis, MO). In preliminary experiments, we showed that biofilm forma-
tion was increased if CA-MHB supplemented with 5% lysed horse blood is
used instead of Todd-Hewitt broth supplemented with 0.5% yeast extract
and, for both of these media, by addition of 2% glucose. Under these
conditions, the initial inoculum was approximately 5 � 107 CFU/ml
(4.92 � 1.22 107 CFU/ml for strain ATCC 49619 and 5.18 � 0.64 107

CFU/ml for strain R6 in preliminary experiments [in triplicate from 2
independent pilot experiments]). The naive model of biofilm was ob-
tained by incubating these plates for 2 to 11 days with medium replace-
ment every 48 h. The induced model was produced by starting with an
inoculum of 25 �l of the supernatant (free bacteria) from a 6-day-old
biofilm, corresponding to an initial bacterial density of approximately
8.5 � 107 to 9 � 107 CFU/ml (8.5 � 0.4 107 CFU/ml for strain ATCC
49619 and 8.9 � 1.1 107 CFU/ml for strain R6, respectively, in preliminary
experiments [in triplicate from 2 independent pilot experiments]). Bio-
film culture was then performed as for the naive model. All cultures were
incubated in a 5% CO2 atmosphere.

Determination of biofilm mass (crystal violet staining). Biofilm
mass was evaluated by measuring the absorbance of crystal violet, a cat-
ionic dye that quantitatively stains nonspecifically negatively charged bio-
film constituents based on ionic interactions (38). After elimination of the
medium, wells were washed once with phosphate-buffered saline (PBS)
and dried for 1 h at 60°C, after which 150 �l of crystal violet (2.3% solu-
tion in 20% ethanol [Sigma-Aldrich, St. Louis, MO]) was added to each
well and left at room temperature for 10 min. After the stain had been
poured out, wells were washed under running water for 5 min, and the plates
were dried. The dye bound to the plate was solubilized and homogenized by 1
h of incubation with 200 �l of 33% acetic acid. The absorbance of each
well was measured at 570 nm using a microplate spectrophotometer
(VersAmax Tunable microplate reader; Molecular Devices, Sunnyvale, CA).

Determination of bacterial viability within the biofilm by using res-
azurin. Viability was determined using resazurin, a blue phenoxazin dye
that is reduced by viable bacteria to the pink fluorescent compound res-

orufin (39, 40). After elimination of the medium and washing of the wells
with PBS at room temperature, 200 �l of a 0.001% resazurin (Sigma-
Aldrich) solution in CA-MHB was added to each well. Plates were then
incubated at room temperature in the dark, and fluorescence was mea-
sured (�excitation, 560 nm; �emission, 590 nm) thereafter using a microplate
spectrofluorometer (SPECTRAmax Gemini XS; Molecular Devices). Pre-
liminary experiments were done to determine the optimal time of incu-
bation before plates were read (see Results and Table 1).

Antibiotic activity on bacterial viability within the matrix and on
biofilm mass. At specific stages of biofilm maturity, the culture medium
(including unbound planktonic bacteria) was removed and replaced with
fresh medium (control), medium supplemented with antibiotics at con-
centrations ranging from 10�4- to 103-fold their MIC (in order to obtain
full concentration-effect relationships and calculate with accuracy the rel-
evant pharmacodynamic parameters), or 1% sodium dodecyl sulfate
(SDS), used as a positive control (full destruction of the biofilm and bac-
terial death) (41). After 24 h of incubation, the biofilm mass and the
bacterial viability were measured using the crystal violet and resazurin
assays, with data expressed as a percentage of the control value, using the
formula [(valueAB � valueSDS)/(valueCT � valueSDS)] � 100, where val-
ueAB, valueSDS, and valueCT are the absorbance or fluorescence signals
recorded for biofilms incubated with antibiotic, SDS, or control medium,
respectively.

Curve fitting and statistical analyses. Curve fitting analyses were
made using Graph-Pad Prism version 4.03 (GraphPad Software, San Di-
ego, CA). Data were used to fit a sigmoid function (Hill equation, slope
factor set to 1) by nonlinear regression. The fitted function was then used
to determine two key pharmacodynamic descriptors of antibiotic activity,
namely, (i) the relative maximal efficacy (Emax; maximal reduction in
biofilm mass or viability as extrapolated for an infinitely large antibiotic
concentration) and (ii) the relative potency (C20 or C50, i.e., the antibiotic
concentration needed to achieve 20 or 50% reduction in bacterial viability
within the biofilm or in biofilm mass). Confidence intervals at 95%
(95% CI) and the standard errors of the mean (SEM) for the parameters of
the Hill equation (Emin, Emax, and 50% effective concentration [EC50])
were obtained from GraphPad. SEM on log C20 were calculated as
[log C20 (�5%) � log C20 (�5%)]/(2 � 1.96), where C20 (�5%) and C20 (�5%)

are the concentrations yielding a 20% reduction in signal as calculated
from the equations of the curves delimiting the 95% CI. Statistical analy-
ses were performed with Graph Pad Instat version 3.06 (GraphPad Soft-
ware).

RESULTS
Characterization of biofilm formation in the naive and induced
models and validation of the methods of assay (biomass and
viability). In the first series of experiments, we compared the in-
creases in biofilm mass over time for strains ATCC 49619 (capsu-

TABLE 1 Time of incubation with resazurin needed to obtain a
maximal fluorescence signal for biofilms of increasing maturity

Biofilm maturity (days)

Incubation time before fluorescence
reading (h) ina:

Naive model Induced model

2 56 4.5
4 32 2
7 2 1
11 1 1
a Shown are the incubation times necessary to reach the resorufin (RF) maximal
fluorescence values measured by fluorimetry during kinetic studies (such as those
illustrated for maturity stages of 2 and 11 days in Fig. 2). The studies were done using
microplates containing naive and induced biofilms of strains ATCC 49619 and R6,
which had maturity stages of 2, 4, 7, and 11 days. For each strain, the values are means
of 4 to 8 independent determinations.
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lated) and R6 (uncapsulated). Figure 1 shows that with fresh
planktonic cultures (naive model), crystal violet staining started to
exponentially increase after about 5 days to reach an apparent
plateau at day 8. This suggests that bacteria at days 6 to 8 are
probably in a metabolic state that actively produces biofilm. We
therefore developed a second model (referred to as the “induced”
model), in which biofilm growth was initiated using planktonic
bacteria collected from the supernatant of 6-day-old biofilms.
With these bacteria, the biofilm mass started to increase after only
4 days to reach, after 8 to 9 days, a value that was 3 times higher
than that of the naive model.

In the second series of experiments, we validated our viability
assay based on the reduction of resazurin into resorufin. The rate
at which this reduction occurs is indeed dependent on both the
biofilm maturity and the number of metabolically active bacteria,
but the reaction product may undergo additional enzymatic and
nonenzymatic transformation(s) (42, 43), causing the fluorescent
signal to increase and then decrease over time. Figure 2 shows the

change in fluorescence recorded over time upon incubation at
room temperature for (i) planktonic cells at different densities,
and (ii) sessile cells in (a) young (2 days) and old (11 days) biofilms
and (b) naive and induced biofilms. Under all conditions, the
signal increased until it reached a maximal value, after which flu-
orescence remained stable (low-density planktonic culture or old
induced biofilms) or decreased. The time needed to reach the
maximal value was much longer for (i) planktonic cells at low
density versus high density (left panel), (ii) young biofilms versus
old biofilms (compare middle and right panels), and (iii) young
naive versus young induced biofilms (middle panel). Accordingly,
and for all subsequent experiments, fluorescence recordings were
made at the fixed times shown in Table 1, based upon the type of
sample examined. Using crystal violet staining, we checked that no
biofilm growth occurred during incubation with resazurin, even
when prolonged for more than 48 h, probably due to the fact that
incubation with resazurin was performed in CA-MHB, which is
not appropriate for growth as a biofilm.

Susceptibility testing. The MICs of the antibiotics under study
for the strains ATCC 49619 and R6 are shown in Table 2. Both
strains were highly susceptible to all antibiotics, with solithromy-
cin and levofloxacin demonstrating the highest and lowest activi-
ties, respectively.

Activities of antibiotics against biofilms (viability and bio-
film mass). In the viability and biofilm mass experiments, we
measured the effect of antibiotics on bacterial survival and biofilm

FIG 1 Evolution over time of matrix production (as evaluated by crystal violet
[CV] absorbance) by the capsulated strain ATCC 49619 (gray squares) and the
noncapsulated strain R6 (black circles) in the naive model (dotted lines, open
symbols) and the induced model (solid lines, closed symbols). The inset shows
the same data at higher scale for the first 7 days of incubation. All values are
means � standard deviations (SD) of 8 to 28 independent determinations.
When not visible, the SD bars are smaller than the size of the symbols.

FIG 2 Evolution of resorufin (RF) fluorescence overtime with the capsulated strain ATCC 49619 (gray squares) and the noncapsulated strain R6 (black circles)
in planktonic cultures (left panel) using starting inocula at an OD620 of 0.1 (open symbols) or 1 (closed symbols) or in biofilms (middle and right panels) at
different maturity stages (2- and 11-day-old naive [open symbols] and induced [closed symbols] models). All values are means � standard deviations (SD) of 3
independent determinations. When not visible, the SD bars are smaller than the size of the symbols.

TABLE 2 MICs of antibiotics against the strains used in this study

Antibiotic by class

MIC (mg/liter) for:

ATCC 49619 R6

�-Lactams
Amoxicillin 0.064 0.032

Macrolides/ketolides
Clarithromycin 0.032 0.064
Solithromycin 0.008 0.004

Fluoroquinolones
Levofloxacin 1 0.5
Moxifloxacin 0.125 0.064
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mass after 24 h of incubation. We systematically compared naive
and induced biofilms and, in each of these two models, the effects
seen with young (2 days old) and old (11 days old) biofilms. An-
tibiotics were added to the medium over a wide range of concen-
trations to obtain full concentration-effect responses. Sigmoidal
functions (Hill equations) with a slope factor of 1 could be fitted to
all sets of data when plotted against the log10 value of the antibiotic
concentration, which allowed direct comparison of the antibiotic
maximal efficacies (Emax) and their relative potencies (C20 or C50).
Graphical representations are shown in Fig. 3 (amoxicillin), 4 (so-
lithromycin), and 5 (moxifloxacin), with additional antibiotics
presented in the supplemental material (clarithromycin in Fig. S1
and levofloxacin in Fig. S2). Pharmacodynamic parameters eval-
uating relative efficacy and relative potency are compared in a
pictorial fashion in Fig. 6 and 7, with numerical data provided as
supplemental material (see Tables S1 and S2 for the ATCC 49619
and R6 strains, respectively).

Considering first the effect of antibiotics on viability (left pan-
els) and focusing on efficacy (maximal effect), we see that all an-
tibiotics were globally most effective against 2-day-old naive bio-
films, with a loss of viability ranging from 35% (clarithromycin for
R6) to 81% (moxifloxacin) compared to control values (no anti-
biotic added). Eleven-day-old naive biofilms and 2- or 11-day-old
induced biofilms showed much less reduction of viability that did
not exceed approximately 40% for amoxicillin, clarithromycin,
and solithromycin and reached 32 to 65% for levofloxacin and
moxifloxacin, respectively. No systematic difference in efficacies
was observed between biofilms formed with the ATCC 49619 and
those with R6, except again for macrolides (clarithromycin and
solithromycin), which were poorly active against biofilms formed
with the R6 strain, even if young and naive. Examination then of
relative potencies, showed that fluoroquinolones were more po-
tent (lower C20 values, close to the MIC) than the other drugs
against 2-day-old naive biofilms, while macrolides/ketolides were
systematically less potent against 2-day-old induced or 11-day-old
naive biofilms of strain ATCC 49619. C50 values were much higher
or could not be determined under most conditions.

Considering now the activity of antibiotics on biomass (right
panels), we globally see that the effects, although developing often
in parallel to those described for viability, resulted in much lower
maximal efficacy (no more than 50% reduction) for amoxicillin
and clarithromycin, whatever the condition. Solithromycin
showed a much larger maximal efficacy than clarithromycin
against ATCC 49619, except against 11-day-old induced biofilms.
Conversely, no systematic difference was seen for strain R6 be-
tween these 3 antibiotics. Globally, fluoroquinolones were the
most active at reducing the biomass of young biofilms (especially
moxifloxacin), but this difference from the other antibiotics was
not maintained with 11-day-old biofilms in either naive or in-
duced models. Against 2-day-old biofilms, C20 values were glob-
ally similar to those observed against viability, with only amoxi-
cillin and solithromycin showing slightly higher potencies (lower
C20 values) against biomass. Against 11-day-old biofilms, poten-
cies were globally low; in many cases, a 20% reduction was not
reached even at the highest antibiotic concentration tested.

DISCUSSION

In this study, we have developed an in vitro model that allows (i) a
quantification of the biofilm mass and bacterial viability in naive
and induced streptococcal biofilms at different stages of maturity

and (ii) a pharmacodynamic evaluation of the activity of antibi-
otics. The model uses the widely accepted polystyrene support (14,
16, 23, 25, 44, 45), but with important changes from previous
studies concerning (i) the medium used for biofilm growth, (ii)

FIG 3 Concentration-response activity of amoxicillin against biofilms of
ATCC 49619 (top) or R6 (bottom). Two-day-old (open symbols) or 11-day-
old (closed symbols) biofilms from the naive model (upper panels for each
strain) or the induced model (lower panels for each strain) were incubated
with increasing concentrations of antibiotics for 24 h. The ordinate shows the
change in viability (measured by the decrease in resorufin fluorescence [left
panels]) or in biofilm mass (measured by the decrease in crystal violet absor-
bance [right panels]) as a percentage of the control value (no antibiotic pres-
ent). All values are means � SEM of 4 to 10 independent experiments per-
formed in quadruplicate. When not visible, the error bars are smaller than the
size of the symbols. The pertinent pharmacological descriptors of the curves
are presented in Tables S1 and S2 in the supplemental material.
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the maturity stages investigated and the impact of adaptation (na-
ive versus induced biofilm), and (iii) the method used to quantify
bacterial viability.

With respect to the culture medium, we optimized the condi-

tions of culture not only by adding 2% glucose as recommended
previously to increase biofilm formation (20, 45) but also by se-
lecting the medium recommended by CLSI (37) for culture and
susceptibility testing of S. pneumoniae.

FIG 4 Concentration-response activity of solithromycin against biofilms of
ATCC 49619 (top) or R6 (bottom). Two-day-old (open symbols) or 11-day-
old (closed symbols) biofilms from the naive model (upper panels for each
strain) or the induced model (lower panels for each strain) were incubated
with increasing concentrations of solithromycin for 24 h. The ordinate shows
the change in viability (measured by the decrease in resorufin fluorescence [left
panels]) or in biofilm mass (measured by the decrease in crystal violet absor-
bance [right panels]) as a percentage of the control value (no antibiotic pres-
ent). All values are means � SEM of 4 to 10 independent experiments per-
formed in quadruplicate. When not visible, the error bars are smaller than the
size of the symbols. The pertinent pharmacological descriptors of the curves
are presented in Tables S1 and S2 in the supplemental material.

FIG 5 Concentration-response activity of moxifloxacin against biofilms of
ATCC 49619 (top) or R6 (bottom). Two-day-old (open symbols) or 11-day-
old (closed symbols) biofilms from the naive model (upper panels for each
strain) or the induced model (lower panels for each strain) were incubated
with increasing concentrations of moxifloxacin for 24 h. The ordinate shows
the change in viability (measured by the decrease in resorufin fluorescence [left
panels]) or in biofilm mass (measured by the decrease in crystal violet absor-
bance [right panels]) as a percentage of the control value (no antibiotic pres-
ent). All values are means � SEM of 4 to 10 independent experiments per-
formed in quadruplicate. When not visible, the error bars are smaller than the
size of the symbols. The pertinent pharmacological descriptors of the curves
are presented in Tables S1 and S2 in the supplemental material.
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With respect to maturity stages, we compared young (2 days)
to mature (11 days) biofilms because the latter may represent a
more relevant model to study antibiotic activity against persistent
forms of infections in deep tissues, where biofilms are suspected to
play a role (2, 25, 26). Most of the studies performed so far to
evaluate antibiotic activity have indeed used young biofilms only
(13, 23, 24), and for those that also considered mature biofilms,
only antibiotic effects on the matrix were evaluated (15, 21). We
furthermore show that an adaptation process of bacteria is impor-
tant (viz. growth of induced versus naive biofilms). This is prob-
ably related to quorum sensing factors, such as the competence-
stimulating peptide (CSP), which is produced during biofilm
formation and increases bacterial adherence (46).

With respect to quantification of bacterial viability within the
biofilm, the method used, namely, resazurin reduction into reso-
rufin, has already been applied to quantify viability of Staphylo-
coccus aureus in biofilms (39, 40, 47). We showed here that it can
be applied to S. pneumoniae biofilms, provided the time after
which readings are made is carefully selected to capture the max-
imal fluorescence signal, which critically depends on both the
number of bacteria and the degree of biofilm maturity (since the
decrease in the signal can also occur upon too prolonged incuba-
tion due to further metabolization in nonfluorescent dihydrore-
sorufin) (42, 48). Because of its proportionality with the number
of bacteria, this approach may help in avoiding pitfalls inherent in
the other more commonly used method to assess bacterial viabil-

ity in biofilms, namely, CFU counting after sonication (18, 23, 24,
49, 50). This approach, indeed, was shown to underestimate via-
bility because of the difficulty of quantitatively recovering bacteria
from the matrix while at the same time avoiding killing these bac-
teria (51, 52).

Combining crystal violet staining (for quantification of bio-
mass) with resazurin reduction allows the obtaining of two com-
plementary pieces of information concerning the development of
the biofilm, as recently done with S. aureus biofilms (47). With
those two tools, we show here that the kinetics of biofilm devel-
opment of S. pneumoniae are quite different from those of S. au-
reus with respect to both the rate of attachment and the amount of
matrix. Attachment of S. pneumonaie is much slower than for S.
aureus biofilms (47). This may result from a lower expression of
adhesins in S. pneumoniae than in S. aureus (which produces sev-
eral adhesins, such as the so-called “microbial surface compo-
nents recognizing adhesive matrix molecules” [MSCRAMMs] or
the polysaccharide intercellular adhesin [PIA]) (53). In strepto-
cocci, adhesion capacity is described as being highly variable, de-
pending on the phenotype of the colonies (opaque or transparent)
and the presence of a capsule (19, 24), yet, phenotypic variation or
downregulation of the capsule may occur during biofilm matura-
tion (15, 54). In our hands, no major difference in biofilm forma-
tion and maturation was observed between a capsulated strain and
an uncapsulated strain, but the demonstration is of limited value,
since the strains are not isogenic and may therefore differ by other

FIG 6 Comparison of antibiotic maximal efficacies (Emax) expressed as percentages of reduction in viability (left panels) or biomass (right panels) compared to
that in the control (no antibiotic) for 2- and 11-day-old naive and induced biofilms of strain ATCC 49619 (upper panels [gray bars]) or R6 (lower panels [black
bars]). AMX, amoxicillin; CLR, clarithromycin; SOL, solithromycin; LVX, levofloxacin; MXF, moxifloxacin. Values were calculated as means � SEM using the
Hill equation of the concentration-response curves presented in Fig. 3 to 5 and Fig. S1 and S2 in the supplemental material. (Also see Tables S1 and S2 in the
supplemental material for numerical values.) Statistical analyses were performed by one-way analysis of variance (ANOVA) with Tukey’s posttest for multiple
comparisons; values with different letters are significantly different from each other (P 	 0.05). Lowercase letters indicate comparison between antibiotics for
each type of biofilm, and capital letters indicate comparison between different types of biofilms for each antibiotic.
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characteristics than the presence of a capsule. With respect to ma-
trix, the higher production observed in streptococci compared to
staphylococci could be ascribed to the fact that mature staphylo-
coccal biofilms are characterized by a disassembly phenomenon
(mediated by secreted proteases or surfactant-like peptides and
regulated by depletion in nutrients in the external environment)
(55), which may regulate and limit matrix production. Yet, to our
knowledge, this process has never been observed for S. pneu-
moniae biofilms.

We also show here that bacteria released from a preformed
biofilm are more prone not only to produce matrix but also to
multiply within the biofilm, producing globally thicker structures
filled with more bacteria. This suggests that a bacterial adaptation
process has taken place during maturation of the naive biofilm.
This hypothesis can be placed in correlation with the observation
that the protein expression patterns differ between planktonic
forms of S. pneumoniae and the same strains growing in biofilms
with respect to proteins involved in virulence, adhesion, and re-
sistance (49).

Moving now to the quantitative assessment of antibiotic activ-
ity, the first and most salient observation is that all responses (for
both biomass and bacterial viability) could be analyzed by using
the model (Hill equation) commonly used for the analysis of
drug-concentration relationships (56) and already applied by us

for the study of antibiotic activities against both extracellular and
intracellular Gram-positive and Gram-negative bacteria (57, 58),
as well as against S. aureus biofilms (47). This model offers the
possibility to clearly distinguish between two distinct properties of
antibiotics, namely, (i) their maximal relative efficacy (using the
Emax parameter of the Hill equation), which measures the ability
of the antibiotic to reduce the biomass or the number of viable
bacteria (expressed here as the percentage of the value observed
with untreated biofilms) and (ii) their relative potency (the C50 or
C20 parameter), which tells us which drug concentration is needed
to obtain a given fraction of its maximal effect, taking into account
the type and level of maturation of the biofilm. We therefore sug-
gest that the approach proposed here is more informative than the
simple determination of MBIC (minimal biofilm inhibitory con-
centration) (59) performed in other studies (13, 59) and which
gives only a static parameter to describe antibiotic activity against
biofilms. As clearly shown here, there is a large divergence between
the changes in these two key properties when moving from young
to mature and from naive to induced biofilms, with the main
consistent changes being related to maximal relative efficacies.
Thus, and as for S. aureus biofilms (47), antibiotic efficacy for
reducing both the bacterial viability and the amount of matrix
markedly decreases upon biofilm maturation. However, we see
here that antibiotic efficacy is also decreased when biofilms are

FIG 7 Comparison of antibiotic relative potencies (C20) expressed in multiples of the MIC with respect to viability (left panels) or biomass (right panels) for 2-
and 11-day-old naive and induced biofilms of strain ATCC 49619 (upper panels [gray bars]) or R6 (lower panels [black bars]). AMX, amoxicillin; CLR,
clarithromycin; SOL, solithromycin; LVX, levofloxacin; MXF, moxifloxacin. Values were calculated as means � SEM (calculated from the 95% confidence
interval band around the curve) using the Hill equation of the concentration-response curves presented in Fig. 3 to 5 and Fig. S1 and S2 in the supplemental
material. (Also see Tables S1 and S2 in the supplemental material for numerical values.) Statistical analyses were performed by one-way ANOVA with Tukey’s
posttest for multiple comparisons; values with different letters are significantly different from each other (P 	 0.05). Lowercase letters indicate comparison
between antibiotics for each type of biofilm, and capital letters indicate comparison between different types of biofilms for each antibiotic. NA, not applicable (a
“Top” value of the Hill equation of 	80%). When not reached at the maximal value tested, C20 values were set at 4 (log scale).
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formed from trained bacteria (induced biofilms) as opposed to
untrained ones (naive biofilms). As a result, and quite interest-
ingly, the effect of antibiotics on bacterial viability was, in most
cases, weakened to a similar extent for 11-day-old naive biofilms
and 2-day-old induced biofilms compared to 2-day-old naive bio-
films. Globally also, antibiotics are least effective against 11-day-
old induced biofilms. This may have major implications in terms
of chemotherapy, since a reduction in maximal efficacy corre-
sponds to a situation in which a sizeable proportion of bacteria
become refractive to the bactericidal effects of antibiotics what-
ever their concentration in the medium.

The following key observations may also require attention.
First, we see that the maximal relative efficacies of antibiotics are
somewhat lower (less reduction) when examining the decrease of
biomass compared to that of viability for 11-day-old naive bio-
films or for 2-day-old induced biofilms and become very low
against 11-day-old induced biofilm. This is consistent with the fact
that antibiotics primarily act on bacteria and not on the matrix
and that destructuration, subsequent to bacterial killing, may be-
come more difficult as the matrix becomes thicker. Second, in
contrast to the marked and consistent changes seen for maximal
relative efficacies, changes in relative potencies were either mini-
mal or nonsystematic when the effects of age or induction were
considered. Detailed analysis here is, however, hampered by the

fact that reduction in either viability or biomass was often weak as
no C50 could be determined. Nevertheless, the data clearly suggest
that the effects of maturation and induction on antibiotic activity
are related to an apparent reduction in the proportion of reach-
able targets (bacterial refractory state) and not to a decrease in
target apparent affinity (bacterial intrinsic susceptibility). Third,
antibiotic maximal efficacies did not differ markedly between the
two strains examined, except for clarithromycin and solithromy-
cin, which were more efficient against the capsulated strain in the
2-day-old naive biofilm. This could be related to the capacity of
macrolides to downregulate capsule formation (60), since capsule
is associated with tolerance to antibiotics (61). Of note also, clari-
thromycin and solithromycin were less affected than other antibi-
otics when induced bacteria were used to build up the biofilm.
This could be related to the known inhibitory effect of macrolides
on quorum sensing (62). Accordingly, macrolides have been
shown to increase antibiotic activity on biofilms for S. aureus (63).

Our study suffers from at least three limitations. First, we only
used two nonisogenic reference strains rather than a collection of
clinical isolates obtained from patients with evidence of in vivo
formation of biofilms. The present study must therefore be viewed
as a first pharmacological investigation establishing a model and
delineating its main properties with respect to a panel of clinically
used antibiotics. The model may now be further explored by using

TABLE 3 Activities of antibiotics under study on biofilms exposed to concentrations found in epithelial lining fluid

Antibiotic
(daily dose, mg)a

ELFb concn
(mg/liter) Reference Biofilm modelc

% viability/matrix loss in:

ATCC 49619 R6

Viability Matrix Viability Matrix

AMX (3,000) 0.25–1.7 73 2-day-old naive 7–27 47–50 16–44 28–38
11-day-old naive 30–34 10–19 15–20 25–26
2-day-old induced 13–32 42–45 36–44 33–35
11-day-old induced 33–37 5–6 25–30 21–24
Strong 13–37 5–45 15–44 21–35

CLR (1,000) 4–34 74 2-day-old naive 74–74 24–26 79–80 42–46
11-day-old naive 42–42 22–22 28–30 6–17
2-day-old induced 22–30 16–23 17–17 33–35
11-day-old induced 26–26 5–5 29–30 21–24
Strong 22–42 5–23 17–30 6–35

SOL (400) 1–7.6 75 2-day-old naive 53–55 64–64 39–46 30–44
11-day-old naive 32–36 25–33 40–44 13–13
2-day-old induced 19–22 59–60 24–25 28–28
11-day-old induced 36–37 8–9 40–44 15–15
Strong 19–37 8–60 24–44 13–28

LVX (1,000) 2.8–23 76 2-day-old naive 74–74 53–60 63–78 60–67
11-day-old naive 29–40 22–23 12–26 22–31
2-day-old induced 37–50 34–37 35–42 40–46
11-day-old induced 28–31 19–20 42–56 28–29
Strong 28–50 19–37 12–56 22–46

MXF (400) 3.5–20 77 2-day-old naive 74–74 81–81 79–81 59–59
11-day-old naive 40–42 21–21 28–30 23–24
2-day-old induced 61–64 72–73 41–47 36–76
11-day-old induced 38–44 17–17 44–48 10–10
Strong 28–64 17–73 28–48 10–76

a AMX, amoxicillin; CLR, clarithromycin; SOL, solithromycin; LVX, levofloxacin; MXF, moxifloxacin.
b ELF, epithelial lining fluid.
c “Strong” represents compilation of data obtained for 11-day-old naive biofilms and 2- or 11-day-old induced biofilms.
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isogenic strains differing in their expression, their capsule, or vir-
ulence factors and by including clinical strains harboring relevant
resistance patterns or different serotypes. Second, biofilms were
obtained on an artificial support, which is far from the conditions
prevailing in the infected body compartments. However, it has
been demonstrated (i) that the gene expression profile of S. pneu-
moniae isolates collected from lung tissue resembles that of bacte-
ria grown in biofilm in polystyrene plates (7) and (ii) that biofilm-
derived pneumococci (represented here by induced biofilms)
possess an enhanced ability to adhere to living support, such as
polystyrene coated with epithelial cells (64), which is considered a
better model to study biofilm development (65). Adhesins ex-
pressed in contact with artificial or viable surfaces may be different
(64), however, and therefore may affect biofilm properties. Also,
there are reports suggesting that the ability to form early biofilms
in vitro does not reflect virulence potential in vivo (17) and does
not necessarily correlate with the clinical presentation of pneumo-
coccal disease (22). Finally, bacteria were exposed to constant con-
centrations of antibiotics, and records were made at only one fixed
time point. These conditions do not mimic the pharmacokinetic
profile of the drugs in the lung and do not inform us about differ-
ences in progression of the effects seen. The model, therefore,
must be viewed as a first approach open for improvement.

With these limitations, however, our work can be examined in
a more clinical perspective, considering the range of antibiotic
concentrations reached in human bronchoalveolar lavage fluid
(Table 3). Among the drugs investigated, fluoroquinolones and
clarithromycin are more effective against 2-day-old naive bio-
films, causing an approximately 70 to 80% reduction in viability.
Clarithromycin activity, however, is severely hampered today by
high resistance rates around the globe (66–68). Against mature or
induced biofilms and with the range of clinically relevant concen-
trations, fluoroquinolones reduce viability more than amoxicillin
and macrolides/ketolides, highlighting a potentially greater activ-
ity for the first class of drugs. This is consistent with a previous,
noncomparative study showing that moxifloxacin, at concentra-
tions that can be achieved in the bronchial mucosa during ther-
apy, was able to inhibit biofilm synthesis and induce slime disrup-
tion (23). However, differences among classes are not major, and
other considerations, like resistance rates or patients’ susceptibil-
ity to undesirable effects or drug interactions, are important de-
terminants to take into account in antibiotic selection. Moxifloxa-
cin and solithromycin may thus offer an advantage over the other
molecules within their pharmacological class since both molecules
are less prone to select resistance than others in their respective
class (31, 69). Moreover, moxifloxacin MICs have remained stable
over the last 10 years, despite extensive usage (70, 71), and pre-
clinical studies show that solithromycin is barely affected by
mechanisms conferring resistance to other macrolides (31, 72).
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Figure S1 

Concentration-response activity of clarithromycin against biofilms of ATCC 49619 (top) or R6 
(bottom).  Two-day- (open symbols) or 11-day- (closed symbols) old biofilms from the naive 
model (upper panels for each strain) or the induced model (lower panels for each strain) were 
incubated with increasing concentrations of clarithromycin for 24h.  The ordinate shows the 
change in viability (measured by the decrease in resorufin fluorescence; left panels) or in 
biofilm mass (measured by the decrease in crystal violet absorbance; right panels) in 
percentage of the control value (no antibiotic present).  All values are means ± SEM of 4-10 
independent experiments performed in quadruplicates (when not visible, the bars are smaller 
than the size of the symbols).  The pertinent pharmacological descriptors of the curves are 
presented in Tables S1-S2. 
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Figure S2 

Concentration-response activity of levofloxacin against biofilms of ATCC 49619 (top) or R6 
(bottom).  Two-day- (open symbols) or 11-day- (closed symbols) old biofilms from the naive 
model (upper panels for each strain) or the induced model (lower panels for each strain) were 
incubated with increasing concentrations of levofloxacin for 24h.  The ordinate shows the 
change in viability (measured by the decrease in resorufin fluorescence; left panels) or in 
biofilm mass (measured by the decrease in crystal violet absorbance; right panels) in 
percentage of the control value (no antibiotic present).  All values are means ± SEM of 4-10 
independent experiments performed in quadruplicates (when not visible, the bars are smaller 
than the size of the symbols).  The pertinent pharmacological descriptors of the curves are 
presented in Tables S1-S2.  
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Table S1. Pertinent regression parametersa (with 95% confidence intervals) and statistical analysisc for strain ATCC 49619 

Effect on viability within the matrix Effect on biofilm thickness 

Concentration yielding specified effect   Concentration yielding specified effect 
20% reduction 20% reduction 

AB Biofilm model 

Emax
b  

% loss of viability  
(CI at 95%) (in X MIC) (in mg/L) 

50% reduction
(in X MIC) R2 

Emax
b  

% loss of matrix 
(CI at 95%) (in X MIC) (in mg/L) 

50% reduction
(in X MIC) R2 

AMX  2 days; naive 68.89 (51.80 to 85.98) / Ac 16.5 (9.7 to 23.5) / Ac   1.1 111.3 0.648 50.13 (40.71 to 59.55) / A 0.1(-11.8 to 12) / A  < 0.1 101.3 0.430 

2 days; induced 40.21 (26.96 to 53.46) / B 7.6 (-3.4 to 22.5) / A   0.5 >104 0.589 45.83 (29.74 to 61.92) / A 0.2 (-27.8 to 29) / A   < 0.1 >104 0.413

11 days; naive 35.01 (25.31 to 44.71) / B 0.9 (12.23 to 14.43) / B  0.1 >104 0.500 25.56 (11.78 to 39.34) / B 35.8 (-2.8 to 74.4) / B   2.3 >104 0.206

11 days; induced 37.17 (29.57 to 44.77) / B 0.5 (-12.23 to 13.23) / B  0.1 >104 0.626 6.72 (-0.78 to 14.22) / C > 104 / C   > 640   >104 0.147

CLR   2 days; naive 79.01 (67.91 to 90.11) / A 2.9 (-20.1 to 26.13) / A  < 0.1 33.5 0.648 26.08 (14.72 to 37.44) / A 28.2 (-14.4 to 70.8) / A  60.9  >104 0.396

2 days; induced 31.46 (21.04 to 41.88) / B 98.6 (70.6 to 124.9) / B  3.2 >104 0.552 24.59 (1.54 to 47.64) / A 260 (88.2 to 431.2) / B   8.3 >104 0.553

11 days; naive 11.87 (10.27 to 13.47) / C > 104 / C  > 320 >104 0.427 21.50 (13.76 to 29.24) / A 0.1 / C   < 0.1 >104 0.137

11 days; induced 25.74 (22.9 to 28.58)/ B 0.06 (-33.5 to 33.5) / A  < 0.1 >104 0.367 5.00 (0.47 to 9.53) / B > 104 / C  > 320 >104 0.325

SOL  2 days; naive 63.03 (50.63 to 75.43) / A 3.5 (-15.25 to 21.4) / A  < 0.1 9.2 0.746 63.88 (56.51 to 71.25) / A 0.1 (-4 to 4.3) / A  < 0.1 0.4 0.718 

2 days; induced 21.86 (12.71 to 31.01) / B 192.5 (170.3 to 220) / B  - 1.5 >104 0.499 59.48 (50.78 to 68.18) / A 0.1 (-15.7 to 15.7) / A  < 0.1 1.4 0.634 

11 days; naive 36.4 (25.56 to 47.24) / C 17.7 (9.3 to 34.9) / C  - 0.1 >104 0.491 34.26 (15.41 to 53.11) / B  58.6 (33.9 to 83.3) / B   0.5 >104 0.277

11 days; induced 35.74 (31.20 to 40.28) / C 0.6 (-5 to 6.3) / A  < 0.1 >104 0.733 11.64 (0.36 to 22.52) / C > 104 / C   > 80 >104 0.050

LVX  2 days; naive 69.06 (51.60 to 86.52) / A 0.7 (-14.8 to 16.1) / A  0.7 10.0 0.434 61.22 (47.73 to 74.71) / A 0.1 (-11.5 to 11.7) / A   0.1 2.0 0.408

2 days; induced 52.90 (46.22 to 59.58) / B 0.7 (-4 to 5.4) / A  0.7 21.6 0.829 37.56 (27.42 to 47.70) / B 0.2 (21.4 to 21.7) / A   0.2 >104 0.334

11 days; naive 45.63 (35.23 to 56.03) / B 0.4 (-10.4 to 11.2) / A  0.4 >104 0.495 23.23 (15.46 to 31.00) / C 0.7 (-16.5 to 18) / A   0.7 >104 0.378

11 days; induced 31.92 (25.59 to 38.25) / C 0.7 (-7.8 to 9.2) / A    0.7 >104 0.598 19.93 (11.86 to 28.00) / C > 104 / B  > 104 >104 0.073

MXF    2 days; naive 74.07 (69.76 to 78.38) / A 0.1 (-6 to 6.3) / A  <  0.1 0.1 0.569 81.25 (70.63 to 91.87) / A NA d NA d 0.1 0.620

2 days; induced 64.62 (58.22 to 71) / A 1.0 (-5 to 7.2) / A  0.1 5.9 0.765 73.19 (63.55 to 82.83) / A NA d  NA d  0.9 0.655 

11 days; naive 42.18 (39.19 to 45.17) / B 1.3 (-4.2 to 7) / A   0.2 >104 0.801 20.87 (13.59 to 28.15) / B 3.9 (-17.2 to 25) / A  0.5   >104 0.454

11 days; induced 45.14 (41.85 to 48.42) / B 4.7 (-0.47 to 10) / A   0.6 >104 0.847 17.21 (10.37 to 24.05) / B > 104 / B   > 1250 >104 0.193
a Calculated based on sigmoidal regressions with a Hill coefficient of 1 
b Decrease in viability and matrix thickness from the original values obtained under control conditions (growth without antibiotic) as extrapolated for an infinitely large concentration of antibiotic 
(means with 95% confidence intervals). 
cStatistical analysis: One-way ANOVA with Tukey post test for multiple comparisons between different types of biofilms for each drug, values with different letters are significantly different from each 
other (P<0.05); see figures 6 and 7 for comparisons between antibiotics  for each type of biofilm.  
d not applicable (TOP of the Hill equation close to 80%)
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Table S2. Pertinent regression parametersa (with 95% confidence intervals) and statistical analysisc for strain R6 

 
  Effect on viability within the matrix Effect on biofilm thickness 

Concentration yielding specified effect Concentration yielding specified effect 
20% reduction 20% reduction 

AB Biofilm model 

Emax
b 

% loss of viability 
(I at 95%) (in X MIC) (in mg/L) 

50% reduction
(in X MIC) R2 

Emax
b 

% loss of matrix 
(CI at 95%) (in X MIC) (in mg/L) 

50% reduction 
(in X MIC) 

 
R2 

AMX 2 days; naive 71.60 (57.16 to 86.04) / Ac 11.1 (3.6 to 17.5) / A c 0.4 79.08 0.748 41.45 (29.26 to 53.64) / A 1.6 (-27 to 30.2) / A 0.1 >104 0.294 

 2 days ;induced 41.11 (21.52 to 60.70) / B 1.1 (70.1 to 72.3) / A 0.1 >104 0.258 35.41 (22.70 to 48.12) / A 0.6 (39.4 to 31.1) / A < 0.1 >104 0.417 

 11 days; naive 21.3 (12.38 to 30.22) / B  48.3 (4.1 to 92.4)/ B   1.5 >104 0.298 25.36 (18.23 to 32.49) / B 0.4 (-88.2 to 89) / A < 0.1 >104 0.189 

 11 days; induced 31.04 (21.62 to 40.46) / B 3.5 (-23.9 to 36.3) / A 0.1 >104 0.589 24.24 (18.81 to 29.67) / B > 104 / B  > 320 >104 0.826 

CLR 2 days; naive 34.75 (26.87 to 42.63) / A 8.5 (-21.9 to 39) / A  0.1 >104 0.503 46.03 (38.48 to 53.58) / A 5.9 (-4.7 to 16.9) / A 0.4 >104 0.881 

 2 days; induced 17.82 (11.26 to 24.38) / B > 104 / B > 640 >104 0.472 26.84 (11.01 to 42.67) / B 44.0 (-16.8 to 104.6) / B 2.8 >104 0.332 

 11 days; naive 46.59 (41.35 to 51.83) / A 9.9 (-2.2 to 22.8) / A  0.6 >104 0.767 44.59 (-304.62 to 393.80) / A 715.1 / C  45.6 >104 0.132 

 11 days; induced 30.34 (23.63 to 37) / A,B 7.1 (-39.3 to 53.6) / A  0.5 >104 0.411 53.50 (37.71 to 62.29) / A 0.1 (-43.4 to 43.6) / A  < 0.1 1.17 0.478 

SOL 2 days ;naive 47.29 (33.04 to 61.54) / A 33.8 (27.5 to 46.8) / A  0.1 >104 0.572 55.40 (-127.4 to 171.8) /A,B NAd   NAd   5307.13 0.043 

 2 days; induced 24.78 (41.50 to 8.06) / B 29.8 (-119.6 to 178.6) / A 0.1 >104 0.105 28.38 (21.27 to 35.5) / A 0.9 (0.5 to 2.3) / A  < 0.1 >104 0.099 

 11 days; naive 34.26 (15.41 to 53.11) / A 59.8 (33 to 84.4) / A 0.2 >104 0.277 12.93 (7.92 to 17.94) / B > 104 / B   >  40 >104 0.042 

 11 days; induced 45.18  (34.74 to 55.62) / A 24.6 (18.6 to 33.6) / A  0.1 >104 0.688 14.84 (10.77 to 18.91) / B > 104 / B > 40 >104 0.052 

LVX 2 days; naive 59.24 (45.59 to 72.89) / A 0.1 (-9.8 to 10) / A  0.1 1.77 0.371 68.52 (62.93 to 74.1) / A NAd NAd 1.86 0.511 

 2 days; induced 43.21 (36.62 to 49.80) / B 1.3 (-6 to 8.6) / A 0.7 >104 0.800 47.72 (42.2 to 53.24) / B 0.2 (-17.1 to 17.5) / A  0.1 >104 0.306 

 11 days; naive 39.64 (28.75 to 50.53) / B 3.5 (-6.1 to 13.9) / A  1.8 >104 0.530 33.28 (27.37 to 39.2) / C 4.6 (-6.1 to 13.9) / A  2.3 >104 0.328 

 11 days; induced 59.21 (51.05 to 67.37) / A 1.2 (-4.9 to 7.3) / A   0.6 13.49 0.808 28.63 (23.58 to 33.68) / C 0.3 (-63.3 to 63.9) / A  0.2 >104 0.212 

MXF 2 days; naive 81.18 (68.82 to 95.54) / A 0.3 (-7.5 to 7.9) / A < 0.1 2.56 0.694 59.06 (48.27 to 69.85) / A NA d NA d 1.78 0.513 

 2 days; induced 47.73 (32.28 to 63.18) / B 7.9 (-1.9 to 20.1) / A  0.5 >104 0.638 47.88 (32.02 to 63.74) / A 14.5 (2.9 to 29.9) / A  0.5 >104 0.609 

 11 days; naive 30.82 (18.16 to 43.48) / C 14.9 (0.7 to 29) / A  1.0 >104 0.435 23.67 (17.95 to 29.39) / B 5.2 (-12.5 to 22.9) / A  0.3 >104 0.365 

 11 days; induced 48.73 (37.21 to 60.25) / B 4.8 (-3.3 to 13.3) / A 0.3 >104 0.636 9.66 (5.64 to 13.68) / C > 104 / B > 640 >104 0.282 
a Calculated based on sigmoidal regressions with a Hill coefficient of 1 
b Decrease in viability and matrix thickness from the original values obtained under control conditions (growth without antibiotic) as extrapolated for an infinitely large concentration of antibiotic 
(means with 95% confidence intervals). 
cStatistical analysis: One-way ANOVA with Tukey post test for multiple comparisons between different types of biofilms for each drug, values with different letters are significantly different from each 
other (P<0.05); see figures 6 and 7 for comparisons between antibiotics  for each type of biofilm.  
d not applicable (TOP of the hill equation close to 80 %) 
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