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Introduction

The difficulty in eradicating a chronic infection associated
with microcolony and biofilm formation lies in the fact that
biofilm bacteria are able to resist higher antibiotic concen-
trations than bacteria in suspension.1,2 To control a chronic
infection, antibiotics are chosen on the basis of conven-
tional in-vitro diffusion and dilution evaluation methods,3

not involving biofilm formation.
With the aim of determining the antibiotic susceptibility

of biofilm bacteria, efforts have been made using animal
models, involving an in-vivo formation of microcolonies

and biofilms.4,5 Animal models may shed light on the evo-
lution of infection and antibiotic pharmacodynamics, but
they require the killing of animals, are expensive and time-
consuming, and allow the study of only a restricted number
of antibiotics and therapy schemes. For these reasons, 
various models have been designed using biofilms devel-
oped in vitro.6–11 These models require handling of individ-
ual samples, with cell viability being mainly determined 
by colony plate count (cfu). Viability can also be deter-
mined by flow cytometry,12 radiochemistry13 and lumin-
ometry.14–16 The last approach, based on bacterial ATP
quantification,17 has been applied to evaluate antibiotic
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susceptibility and cell viability of bacteria difficult to grow,
such as Mycobacterium spp.18 and Mycoplasma spp.19

Using Staphylococcus aureus isolates susceptible to at
least 11 antibiotics in the microbroth dilution susceptibility
test, an antibiotic susceptibility assay for biofilm bacteria
was developed in this work using slime-producing (SP) 
isolates, live cells being automatically quantified by ATP-
bioluminescence. In this study, an effect of the biofilm (its
age and growth medium) and the antibiotic (its type, con-
centration and exposure period) on the antibiotic killing
ability is demonstrated using biofilm bacteria.

Materials and methods

Organisms

Four S. aureus mastitis isolates were used: 72, 80, 510 and
9213. Two variants were available from each isolate: 72–,
80–, 510– and 9213– (original isolates, all non slime-
producing, NSP) and 72 , 80 , 510 and 9213 (the 
SP isolate variant produced in the laboratory from each
original NSP isolate). All four SP isolates were used for
biofilm formation and subsequent antibiotic study, except
in the time-killing (exposure period) susceptibility study,
where only isolates 510 and 9213 were used. Isolate
510 was eliminated from all the penicillin studies because
it was already resistant to this antibiotic in the microbroth
dilution test (MIC 16). SP variants were produced in our
laboratory from the NSP isolates (grown in tryptone soy
broth containing 2% glucose; TSB 2%) by selecting for
adherent colonies, as previously described.20 SP isolate
variants were distinguished from NSP isolate variants by
the ability of SP bacteria to adhere more to different 
surfaces (plastic, glass, metals, bone, gelatine beads, etc.) 
as compared with NSP bacteria.7,20–22 They were also distin-
guished by the colony morphology in Congo red agar,21,23

the former having a rough type and the latter a smooth 
type of colony morphology. The Congo red agar colony
morphology was verified in each biofilm test, to confirm 
the absence of SP to NSP reversions, which occurred at a 
frequency of 0.5 10–4 to 1 10–4.20 The identity of 
ribotypes of each NSP isolate and the SP isolate variant 
was verified using Eco RI as restriction enzyme.24

Antibiotics

Eleven antibiotics were chosen for the study according to
their common use in research, human medicine and vet-
erinary practice. They belonged to the following groups:
penicillins (penicillin G), cephalosporins (cefazolin and
cefuroxime), aminoglycosides (gentamicin and tobramycin),
macrolides (erythromycin), quinolones (ciprofloxacin),
rifampicins (rifampicin), glycopeptides (vancomycin) and
miscellaneous (phosphomycin, of epoxidic nature, and

novobiocin, of acidic nature). Ciprofloxacin was from
Bayer (Barcelona, Spain) and the remaining antibiotics
were from Sigma (St Louis, MO, USA). A 0.22 m filter-
sterilized stock solution was prepared wih antibiotic at 
2000 g/mL. MICs and MBCs were obtained for the SP and
the NSP variant of each isolate, using the microbroth dilu-
tion method for bacterial suspensions.3 MBC was defined
as a 99.99% reduction of cell viability with respect to that of
the initial inoculum. To facilitate antibiotic comparisons
between the biofilm and the microbroth dilution assays,
antibiotics were diluted in all cases in the standard
Mueller–Hinton medium, which is recommended for the
latter assay.3 This avoided possible side effects caused by
interactions of the various media with the antibiotic or with
the ATP-bioluminescence reaction.

Using biofilm assays, an antibiotic concentration study
was carried out, involving 11 antibiotics with a 24 h expos-
ure and biofilms of 6 h and 48 h of age. A study on only
three concentrations was carried out, to facilitate the detec-
tion of some major differences between antibiotics (the
minimal concentration required to detect significant killing
in biofilms by each particular antibiotic was not deter-
mined). The concentrations used represented a wide 
concentration range: 4 MBC (calculated from the MBC
of the isolate with the highest MBC among the four isolates
tested; this concentration purposefully exceeded the MBC
value obtained in the microbroth dilution assay, knowing
the resistance of biofilm bacteria to killing, observed at 1 
MBC in preliminary experiments and in previous work25);
100 mg/L (a high concentration exceeding 4 MBC in 
most cases and also used in other biofilm studies25); and 
500 mg/L (applied to seven antibiotics, to determine
whether the killing of biofilm bacteria reached a plateau
when it became significant at high concentrations such as
100 mg/L or continued to increase when the antibiotic 
concentration was further increased). The use of these high
concentrations, exceeding the peak values expected in
serum during therapy, was a tool to show the inherent 
inefficiency of particular antibiotics against biofilm cells.

To investigate whether the biofilm test was sensitive
enough to distinguish antibiotics requiring shorter ( 6 h)
from those requiring longer ( 24 h) exposure, the effect of
seven antibiotics (penicillin G, cefazolin, cefuroxime,
tobramycin, rifampicin, vancomycin and novobiocin) was
determined by decreasing the exposure period (from 24 h
to 6 h or 3 h), while keeping biofilm age (24 h) and anti-
biotic concentration (100 mg/L) constant. This concen-
tration was over 12 MBC in all cases.

Adherent biofilm formation for antibiotic tests in 
96-well plates

To develop biofilms, 25 L of stationary growth phase SP
bacterial culture (requiring about 18 h growth at 37°C in
TSB 2% and containing about 2 109 cells/mL) were
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added under aseptic conditions to a well of a tissue culture-
treated polystyrene 96-well plate (cell well tissue culture
treated polystyrene plates; Corning, Rochester, NY, USA),
containing 175 L of growth medium (either TSB 2% or
filter-sterilized delipidated milk). Biofilms were developed
(at 37°C) for 6 or 48 h, the growth medium being discarded
and freshly added every 12 h. Each well was washed three
times with phosphate-buffered saline (PBS) under aseptic
conditions to eliminate unbound bacteria, and 200 L of
the particular antibiotic dilution in Mueller– Hinton broth
were added, the mixture being maintained at 37°C. After
antibiotic exposures of 3, 6 or 24 h for time killing studies
and of 24 h for antibiotic concentration studies, antibiotic
solutions were discarded and wells were filled (200 L)
with undiluted dimethyl sulphoxide (DMSO; Panreac,
Barcelona, Spain), which was used as ATP extractant.
Plates were wrapped in plastic and placed in a sonicator
bath (P-Selecta, Barcelona, Spain) for 15 min (in the case of
6 h biofilms) or 30 min (in the case of 48 h biofilms) at 40 Hz
and 22–24°C to favour the disintegration of bacterial
clumps (viable bacteria were not detected at this stage, as
verified by plate count after transferring100 L of the 
mixture to a trypticase–soy agar plate). The number of
viable bacteria was estimated by measuring the amount 
of ATP present in the sample using ATP-bioluminescence.

ATP-bioluminescence method

For the assay, opaque well plates (from Bio-Orbit,
Helsinki, Finland) were introduced into the luminometer
(Luminoskan RS 1.0; Labsystems, Helsinki, Finland), each
well containing 40 L of the sample–extractant mixture.26

A total of 150 L of Tris–acetate buffer (0.1 M Tris–acetate
and 1 mM EDTA, pH 7.75; Bio-Orbit, Turku, Finland), 
25 L of an enzymatic luciferin–luciferase system (ATP-
monitoring reagent; Bio-Orbit) and 10 L of an ATP 
standard solution (ATP standard; Bio-Orbit) were added,
in that order. Light emission was determined after the 
addition of each of these compounds (thus providing data
per well on buffer control, sample–extractant, and ATP
reaction control). Counts were recorded as relative light
units (RLU) produced as a result of ATP hydrolysis in each
of these steps (the luminometer allows the RLU to ATP
conversion).

A calibration curve (bacterial ATP versus cfu/mL of
sample) was produced14 before the antibiotic study to allow
the conversion of ATP fmoles to conventional cfu when
using S. aureus and DMSO as extractant. In this calibration
study, a linear relationship was found between the amount
of bacterial ATP detected and the number of bacteria
(cfu/mL) in the interval between 3.5 105 cfu/mL and 
3.5 109 cfu/mL, with a high correlation being observed
between both variables (r 0.98). For this reason, cell 
viability results within this interval are provided in cfu/well.
Tests were carried out in duplicate and on five dates.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) studies were
carried out for illustrative purposes, to allow the amplifica-
tion of images of 6 h and 48 h biofilms grown in TSB and
delipidated milk and the visualization of the effect of a 24 h
treatment with either cefuroxime or tobramycin on a young
(6 h) TSB-grown biofilm. Bacterial growth, biofilm for-
mation and antibiotic application were carried out as
described above for the well plate biofilm test, with the 
following specifications. Five hundred microlitres of 
stationary growth phase SP bacterial cultures of isolate
9213 were added under aseptic conditions, together with
4.5 mL of growth medium (TSB 2% or delipidated milk, as
specified) to a 60 mm tissue culture-treated Petri dish
(Corning). Biofilms were formed in 6 or 48 h. After the
three washes, the antibiotic (cefuroxime or tobramycin)
was applied at a single concentration (500 mg/L of
Mueller–Hinton broth). Controls with Mueller–Hinton
broth in the absence of antibiotics were also included.
After a 24 h incubation at 37°C and removal of antibiotics
or medium, 2.5 mL of 5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7), containing 0.05% ruthenium red,
were added for TEM analysis. After 2 h at 22–24°C, the
sample was washed several times with PBS. Samples were
dehydrated in a sequential series of 50%, 70%, 80% and
100% ethanol (10 min each). To liberate preparations from
the support material, 100% ethanol was added and biofilms
were sectioned into 3 mm 3 mm square pieces with the
help of a scalpel. After discarding the ethanol and adding
propylene oxide, a mild agitation followed and the sample
squares were placed for inclusion in a mixture of propylene
oxide and resin (Sigma, Madrid, Spain) at a proportion of
1/1 (v/v) for 12 h at 22–24°C. Samples were then transferred
to 100% resin. After 2–3 days at 22–24°C, samples were
placed into newly made resin for 16 h at 70°C and sub-
sequently sectioned for TEM examination.

Statistical analysis

A three-way analysis of variance (ANOVA using the SAS
procedure27) was applied to study the effect of antibiotic
concentration and biofilm age on viability (log10 cfu/well;
data from Tables II and III, below) and to determine the
effect of exposure time on viability (data from Table IV,
below), using in both studies two different biofilm growth
media (TSB, Tables II and IV; and filter-sterilized delipi-
dated milk, Tables III and IV). The significance of differ-
ences between antibiotics and their controls was assessed
by linear contrasts, using the Bonferroni correction for
multiple comparisons. An antibiotic or group of antibiotics
was considered to have a significant bactericidal effect
(killing value) when the difference (decrease) in bacterial
viability (log10 cfu) between the treated and the control
(untreated) samples was statistically significant (P 0.05).
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Results

MICs and MBCs for cells in suspension

The MIC and the MBC for SP versus NSP variants of each
isolate obtained with the microbroth dilution method for
cells in suspension were similar (differences not exceeding
one dilution) and therefore a single value is provided per
isolate–antibiotic combination (Table I). The isolates were
susceptible to the antibiotics, with the exception of isolate
510, which was resistant to penicillin, with an MIC of 
16 mg/L. Therefore, this isolate was discarded from the
biofilm studies of penicillin. The 4 MBC values (corre-
sponding to the isolate having the highest MBC) calculated
in Table I are those used in biofilm studies (Tables II and
III). These 4 MBC values exceeded the peak concentra-
tion in serum in five cases (penicillin, gentamicin, erythro-
mycin, ciprofloxacin and vancomycin; Table I), but they
were lower than 100 mg/L, except in the case of phospho-
mycin.

Transmission electron microscopy (TEM) of
untreated biofilms

Before determining the antibiotic effect on biofilm bac-
teria, TEM was used to visualize and compare the effects of
the growth medium on the characteristics of biofilms. It was
observed that TSB-grown biofilms had a relatively uniform

thickness throughout the well (Figure 1a), whereas milk-
grown biofilms were associated with the presence of clumps
or aggregates of different sizes, bacteria being unevenly
distributed throughout an extensive biofilm matrix which
contained abundant inclusion material (Figure 1b).

Antibiotic concentration study on 96-well plate
biofilms after 24 h of exposure

The effect of the antibiotics on cell viability in biofilms
using TSB or delipidated milk was determined by ATP-
bioluminescence using the pool of data on the four SP 
isolates under study (Tables II and III). The biofilm test
applied had a high repeatability in both cases, with non-
significant differences between replicate wells, both within
and between test dates.

Study on the bactericidal activity of each antibiotic at 
different concentrations. 
There was commonly a higher degree of killing in milk-
grown biofilms than in TSB-grown biofilms (Tables II and
III), as a result of the higher number of significant differ-
ences and increased killing value found in the former, with
a few exceptions (for example, novobiocin at 100 mg/L).
The killing values in Tables II and III allowing the detec-
tion of significance (P 0.05) ranged between 0.36 log10 cfu
(see ciprofloxacin in Table II) and 2.50 log10 cfu (see
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Table I. MIC and MBCa of 11 antibiotics determined by a microbroth dilution method, using cell suspensions of four 
S. aureus isolates; the expected peak serum values and the 4 MBC values (calculated with the MBC for the isolate

with the highest MBC) are provided (data are expressed in mg/L)

Isolate 72 Isolate 80 Isolate 510 Isolate 9213 Peak value 4 MBC
expected in serum value used in 

Antibiotic MIC MBC MIC MBC MIC MBC MIC MBC and route usedb biofilm testsc

Cefuroxime 1 2 1 2 1 2 1 2 40 im 8
Cefazolin 0.12 0.25 0.12 0.25 0.5 4 0.5 2 64 im 16
Penicillin 0.031 1 0.016 1 16 64 1 8 16 iv 32d

Gentamicin 2 4 2 4 2 8 0.5 4 5–7 im 32
Tobramycin 0.064 2 0.064 0.12 0.25 2 0.25 2 4–10 im 8
Erythromycin 1 8 2 8 0.5 8 0.5 8 1 po/8 iv 32
Ciprofloxacin 0.25 4 0.25 4 0.5 8 0.25 8 2 po 32
Rifampicin 0.016 0.01 0.016 0.01 0.016 0.01 0.016 0.01 10 po 0.04
Vancomycin 0.5 4 0.5 1 0.5 1 0.5 1 4–10 im 16
Phosphomycin 16 32 64 128 64 128 8 8 ND 512
Novobiocin 0.031 4 0.016 2 0.03 2 0.031 0.12 ND 16

aBecause the difference found in the MIC or the MBC for slime-producing (SP) vs non-slime-producing (NSP) comparisons within each particular
isolate was non-significant, data are provided per isolate and represent the average of both (SP/NSP) variants of each isolate.
bThe expected values provided by the National Committee for Clinical Laboratory Standards (1990) are indicated. Routes: iv, intravenous; im,
intramuscular; po, oral administration. ND, no data found in literature.
c4 MBC values used in Tables II and III.
dBecause isolate 510 was resistant to penicillin (MIC 16), it was removed from the analysis of penicillin in the biofilm study. Thus, the MBC for
isolate 9213 was chosen to calculate the 4 MBC value of penicillin to be used in this study (Tables II and III).
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Table II. Effect of 24 h antibiotic treatments on viability decrease ( for differences
between control and treated samples in log10 cfua)of TSB-grown S. aureus biofilm cells,

using three antibiotic concentrations and two biofilm ages

4 MBCb 100 mg/L 500 mg/L

Antibiotic 6 h 48 h 6 h 48 h 6 h 48 h

Cefuroxime 0.76c 0.07 0.69c 0.60c 0.98c 0.66c

Cefazolin 0.49c 0.07 0.75c 0.63c 1.07c 0.82c

Penicillin NT NT 0.68c 0.13 0.77c 0.28
Gentamicin –0.23 0.12 0.14 –0.01 NT NT
Tobramycin NT NT 0.23 0.17 NT NT
Erythromycin –0.05 0.04 0.05 –0.04 NT NT
Ciprofloxacin 0.05 0.12 0.36c –0.13 NT NT
Rifampicin 0.57c 0.03 1.58c 1.47c 2.06c 2.03c

Vancomycin 0.06 0.12 0.66c 0.44c 1.19c 0.71c

Phosphomycin 0.89c 0.93c 0.85c 0.66c 0.89c 0.93c

Novobiocin 0.08 –0.10 1.44c 1.74c 2.24c 2.50c

aStandard errors of these differences did not exceed 0.13 log10 cfu.
bSee 4 MBC values in Table I. Phosphomycin had a 4 MBC value of 512 mg/L (very close to 500 mg/L )
and was therefore only tested at this concentration and at 100 mg/L. This explains the identity of data shown
on 4 MBC and 500 mg/L for this antibiotic.
cSignificant viability decrease (P 0.01) found in the treated versus the untreated control samples in an
analysis of variance (four SP isolates were used, except in the case of penicillin, where isolate 510 was
omitted because it was resistant to this antibiotic). NT, not tested.

Table III. Effect of 24 h antibiotic treatment on viability decrease ( for differences
between control and treated samples in log10 cfua) of delipidated milk-grown S. aureus

biofilm cells, using three antibiotic concentrations and 
two biofilm ages

4 MBC 100 mg/L 500 mg/L

Antibiotic 6 h 48 h 6 h 48 h 6 h 48 h

Cefuroxime 1.43b 0.39b 1.13b 0.61b 1.51b 0.74b

Cefazolin 1.07b 0.31 1.16b 0.51b 1.72b 0.61b

Penicillin 0.86b 0.10 0.95b 0.28 1.42b 0.36
Gentamicin 0.31 0.13 0.30 0.08 NT NT
Tobramycin NT NT 0.79b 0.38 NT NT
Erythromycin 0.29 –0.03 0.36 –0.05 NT NT
Ciprofloxacin 0.92b 0.30 0.97b 0.16 NT NT
Rifampicin 0.87b 0.31 1.68b 1.35b 1.91b 1.61b

Vancomycin 0.66b 0.03 1.78b 0.64b 1.27b 0.62b

Phosphomycin 1.48b 0.79b 1.88b 0.95b 1.48b 0.79b

Novobiocin 0.70b –0.03 1.19b 0.48b 1.65b 1.02b

aStandard error values of these differences did not exceed 0.16 log10 cfu, except in the case of penicillin with a
value of 0.26 log10 cfu.
bSignificant viability decrease (with P 0.01, except in the case of cefuroxime at 4 MBC for 48 h biofilms,
with P 0.05) in the treated versus the untreated control samples in an analysis of variance (four SP isolates
were used, except in the case of penicillin, where isolate 510 was omitted because it was resistant to this
antibiotic). NT, not tested.
(See Table II footnotes for meaning of 4 MBC values.)
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rifampicin and novobiocin in Table II). The majority
(94.3%) of killing values, among those that were significant
in Tables II and III (64.2 %), were 0.60 log10 cfu, whereas
42.9% of them exceeded 1 log10 cfu. At the lowest concen-
tration tested (4 MBC), a killing value 1 log10 cfu was
only observed when biofilms were grown in delipidated
milk (in the case of cefuroxime, cefazolin and phospho-
mycin; Table III) but not in TSB (Table II).

Antibiotics had frequently a significantly greater effect
on viability at higher antibiotic concentrations and/or in
younger biofilms (Tables II and III). 

With regard to the specific behaviour of each antibiotic
on biofilm cells, generally (in both biofilm types), phospho-
mycin significantly affected cell viability, whereas genta-
micin and erythromycin had non-significant effects on cell
viability.

At the lowest concentration studied (4 MBC), phos-
phomycin was the only antibiotic having a significant effect

on viability in aged (48 h) TSB-grown biofilms (in this
exceptional case, the 4 MBC value exceeds 500 mg/L),
whereas in milk-grown biofilms of this age, this antibiotic as
well as cefuroxime had significant effects (Tables II and
III).

At 4 MBC in younger (6 h) TSB-grown biofilms, a 
significant effect on viability was observed in the case of
cefuroxime, cefazolin and rifampicin, whereas in milk-
grown biofilms, additional antibiotics (penicillin, cipro-
foxacin, vancomycin and novobiocin) had this significant
effect.

At 100 mg/L, cefuroxime, cefazolin, rifampicin, vanco-
mycin, phosphomycin and novobiocin significantly affected
viability in 6 h and 48 h biofilms, grown either in TSB or in
delipidated milk. A significant effect was also found against
cells of young (6 h) biofilms in the case of penicillin and
ciprofloxacin (in both TSB-grown and milk-grown bio-
films) as well as in tobramycin (in milk-grown biofilms;
Tables II and III). These three antibiotics had a non-
significant effect on 48 h biofilms.

Seven of the antibiotics with a significant degree of
killing at 100 mg/L in both TSB-grown as well as in milk-
grown biofilms (at least in 6 h biofilms) were also studied at
a higher concentration (500 mg/L) to determine whether
they would continue to increase their effect on viability on
further increasing the concentration. The results shown in
Tables II and III indicate that in most cases, the killing 
values obtained at 500 mg/L were higher than those
obtained at 100 mg/L.

Study on overall bactericidal activity of the group of 
antibiotics used. 
The overall effect on biofilm bacterial viability (log10

cfu/well) and general trend observed in the group of anti-
biotics under study (all of which were efficient in the 
microbroth dilution test for cells in suspension) were deter-
mined, according to variations in the age of the biofilm, the
antibiotic concentration or the culture medium used. The
effect was studied using the same raw data as in Tables II
and III. For analysis, data on all the antibiotics under study
(from results obtained after a 24 h exposure) and on all 
the isolates studied were pooled. Significant differences 
(P 0.01) were found when comparing biofilm ages (after
combining data on different antibiotic concentrations as
well as data on different culture media; Figure 2a), anti-
biotic concentrations (after grouping data on different
biofilm ages as well as data on different culture media; 
Figure 2b) and culture media (after pooling data on differ-
ent biofilm ages as well as data on different antibiotic 
concentrations; Figure 2c). Significance (P 0.01) was 
also found for the simple (for example, concentration 
medium) and double (concentration age medium)
interactions. Specifically, the number of viable bacteria
recovered from biofilms submitted to antibiotic treatment
increased with respect to controls with increase in the age
of the biofilm (Figure 2a) and decreased when higher
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Figure 1. Transmission electron microscopy (TEM) micrographs
showing full sections of 48 h biofilms. Growth media were (a)
TSB (full biofilm section; magnification, 3800) and (b) filter-
sterilized delipidated milk (full biofilm section; magnification,

1450). Biofilms were formed with isolate 9213 . A indicates
the biofilm limit line in contact with the culture medium. B
indicates the biofilm limit line in contact with the support surface.
Arrows indicate bacteria. The diameter of a staphylococcal cell is
between 0.5 and 1.5 m.
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antibiotic concentrations were used (Figure 2b), or when
milk rather than TSB was used as growth medium (Figure
2c). However, the latter comparison (between media)
could be considered biased because the cell numbers
obtained in biofilms of the same age in the absence of
antibiotics were lower (P 0.001) in the case of biofilms
grown in delipidated milk as compared with TSB medium.
These lower cell numbers associated with milk-grown
biofilm assays may at least partially explain the apparently
greater effect of the antibiotics when using milk as growth
medium instead of TSB. The overall effects of the 11 anti-
biotics studied as a group are shown in Figure 2. Only 
some of the antibiotics involved in this overall study, and
only under particular conditions, significantly affected bio-
film cell viability (Tables II and III), explaining the reduced
nature (in log10 cfu units) of some of the differences
observed in Figure 2.

Antibiotic exposure periods required for significant
bactericidal activity of antibiotics in 96-well plate
biofilms

A study was performed to determine whether the biofilm
test applied allowed the detection of differences between
antibiotics in the exposure periods required to detect 
significant effects on viability of biofilm cells grown either
in TSB or delipidated milk. For this study, seven antibiotics
and the pool of data on two SP isolates (one isolate in the
case of penicillin) were used. As shown in Table IV, the test
on S. aureus biofilm bacteria discriminated antibiotics
requiring a shorter (6 h) from those requiring a longer 
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Figure 2. Effect of antibiotic treatment on bacterial viability
(mean log10 cfu/well S.E.) in relation to the age of biofilms (a),
antibiotic concentration (b) and growth medium used (c). Black
rectangle, antibiotics; grey rectangle, control.

Table IV. Influence of the exposure period applied on cell viability decrease ( for differences
between control and treated samples in log10 cfua) in TSB-grown and delipidated milk-grown

S. aureus biofilms of 24 h of age, which had been treated with antibiotics (at 100 mg/L)

Exposure of TSB-grown biofilms Exposure of milk-grown biofilms

Antibiotic 3 h 6 h 24 h 3 h 6 h 24 h

Cefuroxime –0.07 0.03 0.67b –0.12 0.00 0.51b

Cefazolin –0.02 0.13 0.77b 0.02 0.27 0.64b

Penicillin –0.08 0.08 –0.18 –0.16 0.16 –0.10
Tobramycin –0.05 0.20 0.06 0.00 0.15 0.16
Rifampicin 0.37b 0.68b 1.59b 0.28 0.99b 1.72b

Vancomycin –0.23 0.28 0.40b 0.04 0.55b 0.51b

Novobiocin 0.44b 0.90b 2.01b 0.16 0.45b 0.44b

aStandard error values did not exceed 0.17 log10 cfu.
bSignificant viability decrease (with P 0.01 except in the case of rifampicin, with P 0.05 at 3 h in TSB-grown
biofilms) in the treated versus the untreated control samples in an analysis of variance. Two isolates (510 and
9213 ) were used in this study, except in the case of penicillin, where isolate 510 was omitted because it was
resistant to this antibiotic.
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(24 h) exposure period at a concentration 12 MBC.
Two of the antibiotics had a significant effect on cell via-
bility (at least of TSB-grown biofilms) in 3 h (rifampicin
and novobiocin). Cefuroxime, cefazolin and vancomycin
had a significant effect after 24 h (at least in TSB-grown
biofilms). Thus, they could be classified as ‘slower’ in rela -
tion to others (for example, rifampicin or novobiocin).
Tobramycin and penicillin (the latter being studied on 
isolate 9213, with reduced sensitivity to this antibiotic;
Table I) did not affect cell viability significantly in this study
and again, novobiocin had a lower effect on milk-grown
than on TSB-grown biofilms. Some antibiotics could be
equally classified as faster (rifampicin) or slower (cefurox-
ime) in both types of biofilms (milk grown and TSB grown),
whereas others (for example, vancomycin) differed among
biofilm types in the exposure time required to have signifi-
cant effects on viability. Factors other than differences in
the MBC among antibiotics affected the ‘speed’ (exposure
time required), as antibiotics with the same MBC (for
example, cefazolin, vancomycin and novobiocin; MBC 4
mg/L) had different exposure patterns (Table IV).

TEM study of biofilms treated with antibiotics

To study TEM biofilms after antibiotic exposure, two 
antibiotics were studied, one with a significant effect
(cefuroxime) and the other with a non-significant effect
(tobramycin) on cell viability (at 100 mg/L in TSB-grown 
6 h biofilms; Table II, Figure 3). In the case of cefuroxime,
bacterial cell walls were severely damaged throughout the
biofilm; affected cells were mainly located closer to the
external biofilm layer, but they were less common at the
deeper biofilm layers (Figure 3a). However, in tobramycin-
treated preparations, in which a non-significant degree of
killing was observed (Table II; Figure 3b), most cells 
presented thick walls and were intact like untreated-
biofilm control cells, especially at the deeper biofilm layers
(Figure 3c).

Discussion

The results obtained in this work show that antibiotic 
susceptibility in microbroth dilution tests is similar when
comparing suspensions of SP versus NSP variants of a given
S. aureus isolate, but it decreases in the assay of biofilm 
bacteria developed, especially in aged biofilms and when
using the lowest concentrations tested (Figure 2). The
observation that the killing value of the antibiotics studied
was 100% in the microbroth dilution tests at 1 MBC but
did not reach 1 log 10 cfu when the antibiotics were used at 
4 MBC against young (6 h) TSB-grown biofilms may 
represent a warning signal concerning the exclusive use of
classical in-vitro tests. This biofilm-associated antibiotic
resistance, also found in previous studies,10,28–30 can be

attributed to a decreased antibiotic diffusion through the
extensive biofilm matrix (Figure 1a and b).1,28 In addition,
there may be a decreased antibiotic susceptibility and
metabolic activity of bacteria within biofilms (a relatively
small difference in ATP production, translated into cfu, is
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Figure 3. TEM micrographs of a 6 h TSB-grown biofilm follow-
ing a 24 h incubation with cefuroxime (a), tobramycin (b) or
Mueller–Hinton culture medium (control) (c). Biofilms were
formed with isolate 9213 . B indicates the biofilm limit line in
contact with the support surface. Arrows indicate bacteria.
(Magnification, 9800.)
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observed in 48 h versus 6 h biofilms; Figure 2a) and an inter-
action of the antibiotic with the abundant bacterial pro-
ducts in biofilms, which may affect the antibiotic activity
(Figure 3a).31

The interest in antibiotic susceptibility tests for biofilm
bacteria has increased in the last few years.9,32–34 A widely
used system, the Robbin’s device,9,35,36 allows a continuous
growth medium flow, rather than a discontinuous one,37 but
requires expert handling.9 The 96-well plate assay used 
in this work follows the present tendency towards time-
efficient bacterial viability tests10,16,38 and, although it has
the limitation of involving a discontinuous flow, it facili-
tates the automation of bacterial viability determination
through luminometry,17 minimizes sample handling, allows
the study of different factors within a single test date (dif-
ferent antibiotics and concentrations, biofilm ages, growth
media, etc.) and is of potential use in time-killing antibiotic
susceptibility studies.39,40 The application of this test does
not appear to be restricted to S. aureus; at present, it is
being successfully extended in our laboratory to other
biofilm-forming bacteria of clinical importance (such as
Staphylococcus epidermidis, frequently involved in post-
surgical contamination of implants and prostheses).

Results presented in this work showed that some anti-
biotics (such as gentamicin) affecting SP or NSP cells in 
suspension may not significantly affect the S. aureus biofilm
cell viability, even when biofilms are exposed to very high
concentrations (for example, 100 mg/L). Partial bacterial
resistance to antibiotics, as detected in the microbroth
dilution test, may be one of the factors contributing to the
poor activity in the biofilm test (in the case of gentamicin
and erythromycin, against isolate 510 ; Table I). However,
it cannot be the only factor, because in some cases (tobra-
mycin), all the isolates had MBCs well below the peak
value in serum (4–10 mg/L), yet the biofilm cell viability
was not significantly affected when the antibiotic concen-
tration was increased to 100 mg/L (TSB-grown biofilms,
Table II). The majority (over 80%) of the antibiotics tested
did not affect significantly 48 h biofilm cell viability when
used at 4 the MBC obtained by classical microbroth 
dilution tests. Thus, a further step for improving antibiotic
selection after performing a microbroth dilution test may
be to determine the in-vitro performance of antibiotics on
biofilm bacteria.

Comparisons of antibiotic efficiency among different
biofilm growth media is a difficult task: the age of the bio-
film and the antibiotic concentration must be maintained,
but then the bacterial cell number, biofilm characteristics
and composition, bacterial metabolic activity and cell 
surface composition resulting after growth in different
media may differ, hampering the comparison. In this work,
growth in milk produced significantly fewer bacteria than
growth in TSB, giving rise to a discontinuous or lumpy
biofilm layer in relation to TSB (Figure 1). This may have
positively affected the diffusion or effectiveness of anti-
biotics (as in the case of novobiocin at 4 MBC against 6 h

biofilms; Tables II and III). A further difficulty may arise
when the changing of media implies a change from the 
in-vitro to the in-vivo situation, where different micro-
environments are present and where the capacity for intra-
cellular killing of bacteria in milk cells may vary among
antibiotics.41–43

In this biofilm model, phosphomycin and cephalosporins
(cefuroxime and cefazolin) were active against biofilm 
bacteria. With regard to phosphomycin, these positive
results (Tables II and III), correlate with those obtained in
previous studies.43 However, this antibiotic is not com-
monly used for therapeutic treatment because it has not
been tested for toxicity in some species, has high MICs 
and MBCs, and causes irritation and pain at the site of
injection. The widely applied cephalosporins, which affect
cell walls (Figure 3a), may help to improve in biofilms the
access of antibiotics such as rifampicin (as observed in
coagulase-negative staphylococci),3 2 macrolides and amino-
glycosides, effective against cells in suspension (Table I).9,25

Cephalosporin efficacy has also been demonstrated against
2 h biofilms9 and biofilms of up to 4 days of age.25 In con-
trast, penicillin, which also affects the cell wall synthesis,
appears to have in this work a weaker effect than cephalo-
sporins, at least in aged (48 h) biofilms. Whether this is due
to an increased difficulty of this antibiotic in diffusing1,28 or
maintaining its integrity through the biofilm matrix31 is
unknown.

From the time-killing susceptibility study, rifampicin has
the advantage of needing shorter exposure than cephalo-
sporins (Table IV), even though both antibiotic types can
be efficient below the peak value in serum (at 4 MBC in
6 h biofilms; Tables I, II and III). This fast effect is 
important because rifampicin has a 3 h average lifetime in
serum. Although the use of rifampicin to eradicate bacteria
within biofilms is controversial,33,44 two characteristics of
this antibiotic (the fast effect described in this work and
appearance of resistance33), in addition to its well-known
intracellular efficiency, may explain why it is of use in 
combination.45

Ciprofloxacin was found to have lower efficiency against
biofilm cells than cephalosporins and rifampicin, as
expected from previous biofilm studies.46,47 Calcium and
magnesium ions could not have neutralized the quino-
lones48 in the biofilm test applied, because they were only
added after antibiotic treatment (i.e. for the biolumines-
cence reaction). Further studies with more recently devel-
oped quinolones of high efficiency49–53 are warranted,
considering that quinolones may reach 14 times the serum
concentration within phagocytes.54 This may be advanta-
geous in the therapy against chronic human infections
(osteomyelitis, endocarditis, etc.) and ruminant mas-
titis41,55,56 (for dry period therapy, to avoid the appearance
of antibiotic residues in milk). Overall, these advantages
and disadvantages of ciprofloxacin may help to explain why
this antibiotic has been successfully used in combination
with rifampicin.57
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Although in this work cephalosporins and rifampicin
appear to be good candidates for biofilm bacteria, van-
comycin, a potent peptidoglycan synthesis inhibitor,58 is the
most frequently used antibiotic against multi-resistant 
S. aureus (MRSA). Vancomycin produced significant
killing of biofilm bacteria, as previously shown,9,33,59,60 but,
unfortunately, it was inefficient at 4 MBC on aged (48 h)
biofilms (Tables II and III). This failure may be attribu-
table to the inhibition of the effect of glycopeptides by the
biofilm slime matrix32 or the lower susceptibility of biofilm
bacteria.61 Efficiency may improve in the biofilm test when
vancomycin is replaced by another glycopeptide (teico-
planin)42 or when used in combinations.43,62–64 The delayed
effect of vancomycin in TSB-grown biofilms (Table IV) is
in close agreement with experiments using this antibiotic
against bacteria within platelet–fibrin matrices39 and after
early bacterial adherence mediated by fibronectin recep-
tors.65 This slow antibiotic may be expected to be synergic
with fast ones (rifampicin or novobiocin). An analogous
synergy has been described for the combination of peni-
cillins (slow) with novobiocin (fast) in drug therapy against
mastitis.66

TEM work on in-vitro S. aureus biofilms submitted to
antibiotic treatment is limited, possibly because of the lack
of biofilm susceptibility tests or the difficulties in biofilm
development (SP variants have only recently become avail-
able) and in maintaining the biofilm integrity for TEM
studies. The more advanced TEM studies on biofilms
developed in vivo reveal that the biofilm is analogous to
that found in this in-vitro study, although these in-vivo
developed biofilms may include host cellular and sub-
cellular components.10,67–70 This difference indicates that
the in-vitro findings must be interpreted with caution
before they are considered as predictors of antibiotic 
performance in live models. We have started a series of
antibiotic therapy studies on the correlation between the
findings obtained with the in-vitro susceptibility biofilm
assay and in rat experimental osteomyelitis models, with
positive results.71 This is encouraging considering the need
to improve the selection of antibiotics against chronic
infections in humans and animal species.

In conclusion, selection of antibiotics against bacteria
within biofilms appears to require the application of both
classical tests3 (as a first screening phase) and biofilm tests
(as a second screening–diagnostic phase), a strategy pro-
posed previously.9 The negative correlation found between
biofilm age and antibiotic effect in this work (Table II) and
in previous studies25 suggests the possible usefulness of
biofilm tests for selecting suitable prophylactic or treat-
ment measures in live organisms against bacteria within
biofilms.72 The biofilm assay strategy applied in this work
may constitute a tool in antimicrobial research and the
pharmaceutical industry for initial comparative studies
among antibiotics.
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