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Staphylococcal biofilms on surgical implants are the underlying cause of a lack of response to antimicrobial
treatment. We investigated the effects of vancomycin (VAN), daptomycin (DAP), fosfomycin (FOS), tigecycline
(TGC), and ceftriaxone (CRX), alone and in combination with azithromycin (AZI), on established biofilms of
Staphylococcus epidermidis. Biofilms were studied using the static microtiter plate model with established S.
epidermidis biofilms, with an initial inoculum of 106/ml in 96-well polystyrene flat-bottom microtiter plates.
Biofilms were inoculated with VAN, DAP, FOS, TGC, or CRX at two concentrations, alone or in combination
with AZI (2, 512, or 1,024 mg/liter). To assess the reduction in biomass, the optical density ratio (ODr),
calculated as (optical density [OD] of the treated biofilm)/(OD of the untreated biofilm, taken as 1), was used.
For antibacterial efficacy, the viable bacterial count was used. Reductions in the biofilm ODr were observed for
VAN (15 and 40 mg/liter) and FOS (200 mg/liter) only (ODr [mean � standard deviation] for VAN at 15 and
40 mg/liter, 0.77 � 0.32 and 0.8 � 0.35, respectively; ODr for FOS at 200 mg/liter, 0.78 � 0.26; P < 0.05), but
not for DAP (2 and 5 mg/liter), TGC (0.2 and 2 mg/liter), or CRX (600 and 2,400 mg/liter). The addition of AZI
had no further effect on the ODr, but a significant reduction of bacterial growth was achieved with high doses
of AZI plus TGC or AZI plus CRX (a 3-log count reduction for AZI at 1,024 mg/liter plus CRX at 600 mg/liter
and for AZI at 512 or 1,024 mg/liter plus CRX at 2,400 mg/liter; a 2-log count reduction for AZI at 512 or 1,024
mg/liter plus TGC at 2 mg/liter [P < 0.05]). No significant reduction in bacterial growth was observed for FOS
(50 and 200 mg/liter), DAP (2 and 5 mg/liter), or TGC (0.2 mg/liter) in combination with AZI. None of the
antibiotics at either concentration reduced the bacterial count of the biofilms when used alone. Thus, the use
of a combination of AZI plus TGC, FOS, or CRX at high concentrations has little effect on biofilm density but
significantly reduces bacterial growth.

Staphylococcus epidermidis is the leading pathogen causing
infections of surgical implants. Given the high incidence of
fracture fixation devices, 2 million per annum, the number of
implant infections amounts to 100,000 per year in the United
States (10). Many of these infections are associated with bio-
films formed by staphylococci on implant surfaces (9, 26, 34).
The biofilm consists of a structured community of bacterial
cells enclosed in a self-produced polymeric matrix and adher-
ent to an inert or living surface. The two consequences of
biofilm formation on implant surfaces are increased resistance
to antimicrobial agents and frequent failure of conventional
antimicrobial therapy. This resistance of bacteria within bio-
films is attributed to a possible barrier function of the biofilm,
binding of the antimicrobial agents within the matrix, and the
metabolic change in the bacterial cells. Thus, infection of med-
ical implants is associated with considerable morbidity and

costs due to loss of mobility, nonproductive time, and health
care (10, 18, 35).

The antimicrobial agents most widely used for staphylococcal
infections are beta-lactam antibiotics, primarily cephalosporins,
and in the case of beta-lactam resistance, vancomycin (23, 28).
Alternative agents are intravenous fosfomycin, a small-molecule
antibiotic with a wide antibacterial spectrum and excellent
tissue penetration, and two newer antibiotics, the glycylcycline
tigecycline and the cyclic lipopeptide daptomycin (14). Dapto-
mycin, which is highly active against gram-positive cocci resis-
tant to commonly used antibiotics, including methicillin (meti-
cillin)-resistant staphylococci, causes membrane changes in the
bacteria, whereas tigecycline inhibits protein synthesis (20).
Although macrolides are not commonly used in the treatment
of staphylococcal infections, clinical and experimental data
suggest that azithromycin decreases biofilm formation and en-
hances the efficacy of other antibiotics for patients with cystic
fibrosis and Pseudomonas infections (17, 19).

The MICs of antimicrobial agents tested on bacterial bio-
films are dramatically increased, up to concentrations �1,000
times the MICs for staphylococci under planktonic conditions
(5). However, there is some evidence that higher antibiotic
concentrations reduce biofilms and bacterial growth, whereas
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standard concentrations are not effective (24, 30). In a previous
study, we demonstrated that antibiotic concentrations equiva-
lent to 100 times the MIC under planktonic conditions did not
decrease established staphylococcal biofilms (16). To inves-
tigate if even higher concentrations will overcome the bac-
terial resistance within biofilms and reduce biofilm thickness
and bacterial growth, static biofilms of clinical S. epidermidis
isolates causing implant infections and catheter-associated
bacteremia were incubated with vancomycin, daptomycin,
fosfomycin, tigecycline, or ceftriaxone at two concentra-
tions. To explore the additional effect of the macrolide
azithromycin (22) on S. epidermidis biofilms, we treated the
biofilms with vancomycin, daptomycin, fosfomycin, tigecy-
cline, or ceftriaxone in combination with azithromycin at
three concentrations (2, 512, and 1,024 mg/liter).

(Part of this research was presented as a poster at the 47th
Interscience Conference on Antimicrobial Agents and Chemo-
therapy, Chicago, IL, 2007 [29a].)

MATERIALS AND METHODS

The University Hospital of Vienna is a 2,200-bed primary- and tertiary-care
teaching hospital. We tested S. epidermidis isolates identified as pathogens of
implant infections (two on a cardiac pacemaker [SE19] or implanted defibrillator
[SE25] and three on bone implants [SE32, SE42, and SE99]) or of catheter-
related bacteremia (three isolates, SE1, SE4, and SE14). In addition, two S.
epidermidis isolates from the skin of non-hospital-associated healthy controls
(SEK1 and SEK15) were tested. The characterization of the isolates and the
MICs under planktonic conditions are given in Table 1. The biofilm-producing
strains Staphylococcus aureus ATCC 29213 and S. epidermidis DSM3269 served
as reference strains. Susceptibility testing was performed using routine labora-
tory methods according to the recommendations of the Clinical and Laboratory
Standards Institute (CLSI) (8). Antibiotic susceptibility was determined by the
disk diffusion method on cation-adjusted Mueller-Hinton agar (bioMerieux,
Marcy L’Etoile, France). Resistance to oxacillin was detected by incubating the
plates with disks containing 5 �g of oxacillin at 30°C and 37°C. The isolates were
genotyped using the pulsed-field electrophoresis genotyping method as previ-
ously described (28).

Antimicrobial agents. Vancomycin was bought from Lilly (Vienna, Austria),
fosfomycin and ceftriaxone from Sandoz (Kundl, Austria), tigecycline from
Wyeth-Lederle (Vienna, Austria), daptomycin from Novartis (Vienna, Austria),
and azithromycin from Pfizer (Vienna, Austria).

Determination of the MIC. Before the biofilms were treated with vancomycin,
daptomycin, fosfomycin, tigecycline, or ceftriaxone, the MICs of each isolate to
be tested were determined. MICs were determined according to the CLSI pro-

tocol using the microtiter plate method (8). According to this protocol, cation-
adjusted Mueller-Hinton medium and broth containing 50 �g/ml calcium were
used for in vitro susceptibility testing of daptomycin. For the testing of suscep-
tibility to fosfomycin, glucose-6-phosphate (25 mg/liter) was added.

Biofilm model. Biofilms were studied using the static microtiter plate model
established by Christensen et al. (7). The S. epidermidis isolates were prepared in
Mueller-Hinton broth (MHB) at a McFarland standard of 0.5 and were diluted
1:100 with MHB. Each well of a 96-well polystyrene flat-bottom microtiter plate
was filled with 50 �l of diluted bacteria and 50 �l of supplemented MHB
(containing calcium) and was incubated for 24 h in ambient air at 35°C. Media
and planktonic cells were removed. The biofilms in the wells were fixed with
formalin (37%, diluted 1:10) plus 2% natrium acetate, and each well was stained
with 150 to 250 �l of 1% crystal violet for 5 min. Then the stained biofilms were
washed twice with approximately 300 �l distilled water. Wells were then visually
checked for the presence or absence of a biofilm based on the presence of
staining at the bottom of the well. The mean optical density (OD) was used for
quantification using a routine microtiter plate reader at a wavelength of 550 nm.
All biofilm experiments were performed four times for each isolate to minimize
the variability in OD measurements. To ascertain biofilm formation, biofilms
were grown on cover slides using a 24-well-plate. After 24 h, the biofilms were
fixed with 2% glutaraldehyde, and biofilm formation was verified by electron
microscope scanning. For the experiments, established biofilms grown for 24 h
were used.

Incubation of the biofilms with vancomycin, fosfomycin, tigecycline, daptomy-
cin, or ceftriaxone at low and high doses. To test the effects of the antimicrobials
at high concentrations, the 24-h-old biofilms were incubated for 20 h with van-
comycin, fosfomycin, tigecycline, or daptomycin at two concentrations: (i) those
representing the trough concentrations in humans in vivo (vancomycin at 15
mg/liter, daptomycin at 2 mg/liter, fosfomycin at 50 mg/liter, and tigecycline at
0.2 mg/liter) and (ii) very high concentrations (vancomycin at 40 mg/liter, dap-
tomycin at 5 mg/liter, fosfomycin at 200 mg/liter, and tigecycline at 2 mg/liter). In
addition, the effects of excess concentrations of ceftriaxone were investigated by
using two concentrations, 600 and 2,400 mg/liter, because the effects of beta-
lactam antibiotics on biofilms are unclear (1, 24, 31).

Combination with azithromycin. The effects of azithromycin alone at 2 mg/
liter, reflecting the average human plasma azithromycin concentrations after the
application of two therapeutic doses of 250 mg (13), were investigated. Addi-
tionally, because under planktonic conditions, the MICs for some of the isolates
to be tested were greater than 256 mg/liter, azithromycin at concentrations of 512
and 1,024 mg/liter was tested on the biofilms. Further, the effects on the biofilms
of the combination of azithromycin at 2 mg/liter (as described elsewhere [36]),
512 mg/liter, or 1,024 mg/liter with vancomycin, daptomycin, fosfomycin, tigecy-
cline, or ceftriaxone (at the concentrations given above) were tested.

To correct for the individual biofilm formation of each isolate, the ODr, a ratio
of the OD of the biofilm of the isolate incubated with antibiotic to the OD of the
untreated biofilm of the same isolate (native biofilm), was calculated. The base-
line of the “untreated” biofilm was set as 1. The explanation for this was that
using the uncorrected ODs of the biofilms, the intra-assay variability was deter-

TABLE 1. MICs for the S. epidermidis isolates investigated

Isolate Type of infection Antibiotic treatment
MIC (mg/liter) of the following druga:

AZI VAN DAP FOS TIG CRX

SE19 Pacemaker infection None 0.06 2 0.25 32 0.125 16
SE25 Implanted defibrillator infection None 0.125 2 0.25 4 0.125 64
SE32 Hip prosthesis Ceftriaxone �256 1 0.25 32 0.06 16
SE99 Knee prosthesis None �256 2 0.125 �256 0.25 32
SE42 Hip prosthesis None 0.06 1 0.25 16 0.06 1
SE1 Intravascular catheter-related

bacteremia
Cefuroxime �256 2 0.125 1 0.06 16

SE4 Intravascular catheter-related
bacteremia

Amoxicillin-clavulanic acid �256 1 0.5 32 0.5 16

SE14 Intravascular catheter-related
bacteremia

Ceftriaxone 0.125 2 0.25 128 0.06 1

SEK1 Skin isolate None �256 0.5 0.025 16 0.06 1
SEK15 Skin isolate None 0.125 1 0.25 2 0.06 1
ATCC 29213 0.25 1 0.125 2 0.25 4
DSM3269 0.25 2 0.25 1 0.5 0.5

a AZI, azithromycin; VAN, vancomycin; DAP, daptomycin; FOS, fosfomycin; TIG, tigecycline; CRX, ceftriaxone.
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mined from quadruplicate analysis of the treated biofilms. The median coeffi-
cient of variance (CV) for the 10 bacteria was 17.2% (range, 7.6 to 52.9%). The
interassay variability (day-to-day variability) was based on bacterial growth with-
out antibiotic (control condition) on two different days: the median CV was
42.5% (range, 8.2 to 91.8%). Due to this relatively high CV, the ODr was used
for the calculations. This ODr was used to measure changes in the thickness of
the biofilms with increasing concentrations of the antibiotics tested (29). Overall,
the intra-assay variability was reduced; the median CV was 19.5% (range, 12.8 to
31%).

Antibacterial efficacies of the antimicrobial agents on the biofilms in all
experiments. To test for viable S. epidermidis in the biofilms in all experiments,
the biofilms were not fixed and dyed but scraped off and resuspended in MHB,
seeded to Columbia agar, and examined for growth. The numbers of S. epider-
midis organisms in suspension were enumerated by serial dilutions, and 0.1 ml of
each dilution was inoculated onto blood agar plates. The plates were then
incubated at 35°C in ambient air and read after 48 h.

Statistical methods. The significance of differences was assessed by means of
the chi-square test for categorical variables. For subgroups and nonnormally
distributed variables, the Mann-Whitney U test was used. To determine the
changes due to the different antibiotic combinations and concentrations of every
isolate, a general linear model for repeated measurement was calculated. All
tests were performed using SPSS for Windows, release 15 (SPSS). A P value of
�0.05 was considered significant.

RESULTS

Biofilm density. Biofilms were incubated with five antimi-
crobial agents alone: vancomyin (15 and 40 mg/liter), fosfomy-
cin (50 and 200 mg/liter), tigecycline (0.2 and 2 mg/liter), dap-
tomycin (2 and 5 mg/liter), or ceftriaxone (600 and 2,400 mg/
liter). The ODs of the biofilms incubated with vancomycin, at
concentrations of 15 and 40 mg/liter, were significantly lower
than the OD of untreated biofilms, taken as 1 (ODr [mean �
standard deviation], 0.78 � 0.29 and 0.56 � 0.45, respectively;
P � 0.05). Neither fosfomycin (50 and 200 mg/liter), tigecycline
(0.2 and 2 mg/liter), daptomycin (2 and 5 mg/liter), nor ceftri-
axone (600 and 2,400 mg/liter) achieved significant reductions
in the biofilm OD, as shown in Table 2. Although there were
differences between the antibiotic effects for the individual
bacterial strains, only vancomycin resulted in a significant de-
crease in the ODr, particularly for four strains (SE32, SE42,
SEK1, and SE14), for which the ODr was reduced below 0.4,
although the MIC under planktonic conditions was not partic-
ularly low (Tables 1 and 2). With regard to bactericidal efficacy,
no antimicrobial employed alone at either concentration
achieved any reduction of bacterial growth from that for un-
treated biofilms.

Overall, the combination of azithromycin with any of the
tested antimicrobial agents did not reduce the biofilm ODr
compared to the ODr of biofilms treated with single agents
(Table 2). Vancomycin at 15 or 40 mg/liter combined with
azithromycin (512 mg/liter) had an effect similar to that of
vancomycin at 15 mg/liter as a single agent (mean ODr �
standard deviation, 0.77 � 0.32 or 0.8 � 0.35 versus 0.78 �
0.29, respectively) but reduced bacterial growth less than van-
comycin at 40 mg/liter as a single agent (ODr, 0.56 � 0.45; P �
0.05). The combination of daptomycin or tigecycline with
azithromycin resulted in an increase in the ODr. The combi-
nation of ceftriaxone at 600 mg/liter and azithromycin at 2
mg/liter decreased the ODr, but not significantly.

Antibacterial effecacy. Incubation of the biofilms with any
single antimicrobial agent did not result in any reduction of the
bacterial count (data not shown). The combination of azithro-
mycin at 2 mg/liter with any antibiotic was not bactericidal at

all; however, the combination with ceftriaxone at 2,400 mg/liter
resulted in a nonsignificant reduction of the log bacterial
count. The bactericidal effects were significantly improved
when the biofilms were incubated with a combination of high-
dose azithromycin and ceftriaxone, tigecycline (2 mg/liter), or
fosfomycin (200 mg/liter): azithromycin at both concentrations
(512 and 1,024 mg/liter) led to significant reductions in bacte-
rial growth with ceftriaxone and tigecycline (Fig. 1). The re-
duction was greater than 3 log counts for ceftriaxone at 600
mg/liter combined with azithromycin at 1,024 mg/liter and for
ceftriaxone at 2,400 mg/liter combined with azithromycin at
512 or 1,024 mg/liter (P � 0.05). The range, however, was
widely distributed, since some S. epidermidis isolates, in par-
ticular the isolates from catheter-associated bacteremia,
showed no reduction of the growth rate. Tigecycline at 2 mg/
liter combined with azithromycin at 512 or 1,024 mg/liter re-
duced bacterial growth by more than 2 log counts, an effect
that was seen for two isolates from implant infections and two
skin isolates (P � 0.05). Azithromycin at 1,024 mg/liter in
combination with fosfomycin at 200 mg/liter reduced bacterial
growth by �2 log counts (not significant). Only negligible bac-
tericidal effects (lowering the bacterial count by 1 log count for
two to three bacterial strains at the highest concentrations
only) were observed for the combination of vancomycin or
daptomycin with azithromycin.

DISCUSSION

Biofilm-associated infections of osteosyntheses, endopros-
theses, or implanted cardiac devices are most difficult to treat.
Removal of the infected material is not feasible in many cases;
thus, the infection must be controlled by antimicrobial therapy.
In the present study, we used a static microtiter plate biofilm

TABLE 2. Changes in the ODr of S. epidermidis biofilms grown for
24 h upon incubation with antibiotics used alone or

in combination with azithromycin

Antibiotic and
concn

(mg/liter)

ODra with the drug used:

As a single
agent

In combination with azithromycin at:

2 mg/liter 512 mg/liter 1,024 mg/liter

Vancomycin
15 0.78 � 0.29* 0.91 � 0.16 0.77 � 0.32 0.93 � 0.4
40 0.56 � 0.45* 0.96 � 0.15 0.8 � 0.34 0.85 � 0.26

Daptomycin
2 1.22 � 0.47 1.17 � 0.18 1.14 � 0.61 2.03 � 1.91
5 1.28 � 0.52 1.01 � 0.2 1.41 � 0.69 1.1 � 0.59

Fosfomycin
50 0.9 � 0.36 0.98 � 0.12 1.01 � 0.39 0.9 � 0.36
200 0.72 � 0.31 1.00 � 0.23 0.78 � 0.26 0.77 � 0.42

Tigecycline
0.2 0.87 � 0.27 1.25 � 0.30 1.29 � 0.53 0.87 � 0.27
2 1.25 � 0.65 1.26 � 0.32 1.16 � 0.52 1.16 � 0.52

Ceftriaxone
600 1.02 � 0.51 0.85 � 0.28 1.1 � 0.82 1.02 � 0.51
2,400 1.08 � 0.68 0.94 � 0.28 1.07 � 0.68 1.12 � 0.74

Azithromycin
2 1.09 � 0.26 NA NA NA
512 0.95 � 0.4 NA NA NA
1,024 0.95 � 0.4 NA NA NA

a The reference ODr of the untreated biofilm is 1. NA, not applicable. �, P �
0.05 compared to the baseline ODr of 1.
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model to mimic the infection of implanted material coated
with an established biofilm consisting of densely packed cells.
Generally, MICs of standard antistaphylococcal antibiotics, in-
cluding cephalosporins or vancomycin, are considerably in-
creased when tested on bacterial biofilms (23, 31). Vancomycin
diffuses slowly into the deeper layers of bacterial biofilms,
risking a promotion of resistance due to the gradual exposure
of the bacterial cells to low concentrations (21). In the present
study, vancomycin was tested at a higher concentration of 40
mg/liter, achieving a significant decrease of biofilm density as a
single agent. No reduction of bacterial growth was achieved.
This and the potential nephro- and ototoxicity at high concen-
trations in serum limit the clinical application of high-dose
vancomycin, which results in concentrations of 15 mg/liter in
plasma, but with a median protein binding of 65%, thus low-
ering the active concentration (25). Combining vancomycin
with azithromycin had little additional effect. Like vancomycin,
fosfomycin effected a significant reduction of biofilm density at
a high concentration of 200 mg/liter but did not reduce bacte-
rial growth.

Daptomycin is an alternative agent with excellent in vitro
activity against methicillin-resistant S. aureus and S. epidermi-
dis. Employed at concentrations of 2 or 5 mg/liter in the
present study, daptomycin reduced neither the biofilm ODr
nor the bacterial log count. Although these concentrations
were 10 times more than the average MIC for the tested
isolates under planktonic conditions, the concentrations of 2 or
5 mg/liter are low compared to those used for vancomycin.
There is evidence for using daptomycin at a higher concentra-
tion: daptomycin at a dose of 30 mg/kg of body weight was
effective against an experimental implant infection (33). Dap-
tomycin was well tolerated up to a daily dose of 12 mg/kg in
healthy volunteers (2). Yet, for clinical use, doses up to 6
mg/kg are recommended, achieving much lower concentra-
tions in serum, with a protein binding level as high as 95% (32).

The combination of daptomycin with azithromycin resulted in
an increase in the ODr that may be due to a chemical effect or
to antagonism between these two substances. However, little
has been known about daptomycin in combination with other
agents until now.

Tigecycline has very low MICs for most clinical isolates,
including all S. epidermidis isolates examined in this study. The
effects of tigecycline as a single agent on biofilm density and
bacterial growth were minimal. However, when tigecycline was
combined with azithromycin, a significant reduction of bacte-
rial growth was observed. This observation is consistent with
the results of studies of staphylococcal biofilm models showing
that the combination of bacteriostatic agents, including tigecy-
cline, rifampin (rifampicin), or linezolid, with cephalosporins
or vancomycin reduced bacterial growth in biofilms signifi-
cantly (30, 31). There is controversy in the literature about the
effects of beta-lactam antibiotics on biofilms (1, 24, 31). Gen-
erally, beta-lactam antibiotics are considered to kill bacterial
cells in the growth phase only. Yet in our study, high concen-
trations of ceftriaxone reduced the bacterial count, particularly
for isolates for which MICs are low under planktonic condi-
tions.

The failure of antibiotic treatment of biofilm-associated in-
fections led to the search for additive measures to eradicate
bacteria within biofilms. Successful treatment of biofilm-asso-
ciated pulmonary infections with Pseudomonas aeruginosa in
patients with cystic fibrosis was reported using the macrolide
azithromycin (17). Although azithromycin has no bactericidal
effect on P. aeruginosa, it retards the formation of biofilms and
blocks the bacterial quorum sensing involved in the production
of biofilms (15, 19). Incubation of S. epidermidis biofilms with
another macrolide, clarithromycin, at a low concentration re-
sulted in the eradication of the slime-like structure and a de-
crease in the amount of hexose (37). In the present study, the
staphylococcal biofilms were incubated with azithromycin

FIG. 1. Decrease in bacterial growth with increasing concentrations of vancomycin (VAN), daptomycin (DAP), fosfomycin (FOS), tigecycline
(TIG), or ceftriaxone (CRX) in combination with azithromycin (AZI). Low doses of antibiotics are as follows: 2 mg of DAP/liter, 15 mg of
VAN/liter, 50 mg of FOS/liter, 0.2 mg of TIG/liter, and 600 mg of CRX/liter. High doses of antibiotics are as follows: 5 mg of DAP/liter, 40 mg
of VAN/liter, 200 mg of FOS/liter, 2 mg of TIG/liter, and 2,400 mg of CRX/liter. Columns 1 to 3, low-dose antibiotics plus AZI at 2 mg/liter, 512
mg/liter, and 1,024 mg/liter, respectively; columns 4 to 6, high-dose antibiotics plus AZI at 2 mg/liter, 512 mg/liter, and 1,024 mg/liter, respectively.
The colony count of the untreated biofilm is 106 CFU/ml (whiskers represent the range).
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alone at the therapeutically used concentration of 2 mg/liter,
which was used successfully on biofilms of Haemophilus influ-
enzae previously (36). Further, excess concentrations of 512
and 1,024 mg/liter were investigated because azithromycin was
reported not to be effective on biofilms at a concentration of
256 mg/liter (31). However, when azithromycin was used in
combination with ceftriaxone, there was a significant reduction
of the bacterial count, particularly when a high concentra-
tion of ceftriaxone was combined with azithromycin (Fig. 1).
Azithromycin also enhanced the bactericidal activity of tigecy-
cline at 2 mg/liter and, to a lesser (not significant) extent, those
of vancomycin and fosfomycin, as reported elsewhere (31).
Although azithromycin was used in excess concentrations un-
likely to be reached in patients when the drug is administered
orally or even parenterally, it reduced bacterial growth signif-
icantly when combined with ceftriaxone or tigecycline.

Dunne reported that the biofilm ODr increased when grow-
ing biofilms were incubated with subinhibitory concentrations
of vancomycin and cefamandole, indicating that biofilm pro-
duction is a kind of defense reaction of the bacteria (11a).
However, incubation with a higher concentration resulted in
decreased biofilm formation (10). In our study, biofilms with
densely packed cells were investigated. Except for vancomycin,
excess concentrations of antimicrobial agents had no effect on
the biofilm mass. It may be hypothesized that the concentra-
tions of the antibiotics within these biofilms might be so low as
to achieve a biofilm-augmenting effect similar to that described
by Dunne. A combination of azithromycin with ceftriaxone led
to significant reduction of bacterial growth but failed to de-
crease the biofilm ODr. An explanation of this failure may be
that only very low concentrations reach the inner biofilm, thus
augmenting the biofilm matrix. The increase in the matrix may
be due either to increased production or to accumulation of
decaying bacterial cells. For instance, alcohols have a very
good bactericidal effect even on established biofilms, as dem-
onstrated in a previous study, but the ODr is increased (29).
However, alcohols are cytotoxic and may not be used even
locally for rinsing infected protheses.

Successful attempts have been made to use topical azithro-
mycin to treat a biofilm-associated infection such as periodon-
titis (27); however, applying azithromycin at even higher con-
centrations used either alone or in combination with other
antibiotics did not result in a reduction of the biofilm. Yet
excessive concentrations of azithromycin plus a beta-lactam
antibiotic reduced bacterial growth. Topical macrolides, e.g.,
rapamycin, are currently used as antiproliferative drugs with
excellent results (3). For this topical use, the mode of drug
delivery is pivotal. Coating and bonding of macrolides to poly-
mers on stent surfaces may result in very high local concentra-
tions. Bonding azithromycin to polymer-coated prosthetic sur-
faces may deliver high local concentrations that may not only
prevent colonization and adherence but also—together with
the systemically administered antimicrobial substances with
excellent tissue penetration and little protein binding—reduce
biofilms. This is, so far, a hypothesis only, but new materials
and techniques, including nanotechnology, are being devel-
oped rapidly (6). Additionally, in the present study, biofilms
were treated for 24 h only, and antimicrobial treatment of
implant infections is usually administered for a longer period.
The combination of azithromycin with fosfomycin, tigecycline,

or ceftriaxone had a certain antibacterial effect. Repeated dos-
ing might result in improved bactericidal efficacy, as in a study
of a catheter model using biofilms with a lower bacterial bur-
den (30). Yet the action of antimicrobial substances on biofilm
density and bacterial growth and the interplay of bacteria,
surfaces, antimicrobials at differential concentrations, and the
host interfering with leukocytes, platelets, red blood cells, and
fibrin—either combating or enhancing the bacterial resistance
within the biofilm—is still controversial. Although adhesion
may be reduced by coating surfaces with antibiotics or silver,
biofilm formation and the subsequent infection of the implant
are not predictable, as shown in experimental and clinical
studies (4, 11).

In conclusion, bacterial cells within biofilms are highly resis-
tant to antibiotics, even when very low MICs determined in the
growing phase predict high susceptibility to the antimicrobial
agent. Thus, using a combination of azithromycin plus tigecy-
cline, fosfomycin, or ceftriaxone at high concentrations has
little effect on biofilm density as the measure of the biofilm
mass but significantly reduces bacterial growth. The combina-
tion of azithromycin at 512 mg/liter with a high dose of ceftri-
axone has significant bactericidal effects. Although it is hard to
believe that such excess concentrations may be used in clinical
practice, the design and engineering of materials that may be
impregnated or bonded with antimicrobials and thus can re-
lease high concentrations, such as in interventional cardiology
(3), may be an option for future topical treatment. Further
studies are needed to evaluate additional techniques for drug
delivery, such as intelligent devices (12) and adjuvant thera-
peutic measures, which may enhance the effects of antibiotics
alone or in combination with azithromycin.
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