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Biofilm formation is an important virulence factor that allows bacteria to resist host responses and
antibacterial agents. The aim of the study was to assess the in vitro activities of several antimicrobials alone
or in combination against two Staphylococcus aureus isolates in a novel pharmacokinetic/pharmacodynamic
(PK/PD) model of biofilm for 3 days. One methicillin-susceptible S. aureus strain (SH1000) and one methi-
cillin-resistant S. aureus strain (N315) were evaluated in a modified biofilm reactor with polystyrene coupons.
Simulated regimens included vancomycin (VAN) plus rifampin (RIF), moxifloxacin (MOX), and high doses (10
mg/kg of body weight/day) of daptomycin (DAP) alone or combined with RIF or clarithromycin (CLA). Against
viable planktonic bacteria (PB) and biofilm-embedded bacteria (BB) of SH1000, neither DAP nor MOX alone
was bactericidal. In contrast, the combination of DAP or MOX with CLA significantly increased the activity of
the two agents against both PB and BB (P < 0.01), and DAP plus CLA reached the limit of detection at 72 h.
Against PB of N315, DAP alone briefly achieved bactericidal activity at 24 h, whereas sustained bactericidal
activity was observed at 32 h with VAN plus RIF. Overall, only a minimal reduction was observed with both
regimens against BB (<2.8 log10 CFU/ml). Finally, the combination of DAP and RIF was bactericidal against
both PB and BB, achieving the limit of detection at 72 h. In conclusion, we developed a novel in vitro PK/PD
model to assess the activities of antimicrobials against mature bacterial biofilm. Combinations of DAP or MOX
with CLA were the most effective regimens and may represent promising options to treat persistent infections
caused by S. aureus biofilms.

Biofilms are complex bacterial communities embedded in a
self-produced glycocalyx slime that protects the cells from en-
vironmental and antimicrobial threats. It has been reported
that antimicrobial MICs of bacteria embedded in biofilms can
be 10 to 1,000 times higher than those in a planktonic state (4).
The reasons for this decreased susceptibility are not com-
pletely understood. However, to explain the diminished activity
of antimicrobials against biofilm-embedded cells, poor pene-
tration of the drug through the layers of the matrix as well as
heterogeneity of the growth within the biofilm have been sug-
gested (22, 28, 36).

Because bacteria can produce biofilms on medical devices,
biofilm-associated infections have a tremendous impact on
the management of patient health. Staphylococcus aureus is a
pathogen commonly associated with biofilm-related infections,
such as osteomyelitis, prosthetic joint infections, endocarditis,
and catheter-related infections (22). Various in vitro scenarios
of biofilm formation have evaluated the activity of several
antimicrobials and have reported different outcomes (13, 15,
31, 32).

Daptomycin (DAP) is a newly available lipopeptide antibi-
otic with potent in vitro and in vivo bactericidal activities

against S. aureus, including methicillin-resistant S. aureus
(MRSA) (5, 33). Daptomycin has been already evaluated in
different in vitro biofilm models, and conflicting results have
been reported (15, 18, 32). For instance, with an in vitro model
of catheter-related infection, LaPlante and Mermel found that
daptomycin at 5 mg/ml was able to eradicate S. aureus biofilms,
whereas lower concentrations of daptomycin (clinically irrele-
vant) did not eradicate biofilm-embedded cells (18). With a
static microtiter plate model, Hajdu et al. did not find any
reduction in the viable count of Staphylococcus epidermidis
biofilm cells with doses of daptomycin up to 128 times the MIC
(15). Potential explanations for the discrepancies in these re-
sults might be differences in the regimens tested and in the
models used for the evaluations.

Because there have been several reports about the safety
and efficacy of doses of daptomycin up to 12 mg/kg of body
weight/day (3, 9, 17, 21, 24), we designed the present study to
evaluate a high-dose regimen of daptomycin (10 mg/kg/day)
alone or in combination with other agents and compared its
activity to that of vancomycin (VAN) for a MRSA isolate and
to that of moxifloxacin (MOX) for a MSSA strain. Although
there is no optimal therapy, these two drugs are considered
useful by clinicians in the treatment of biofilm-associated in-
fections caused by S. aureus. We investigated the effects of
combination therapy, since association of vancomycin with
other drugs, such as rifampin (RIF) and clarithromycin (CLA),
has already been proved beneficial (11, 19, 25, 31). Finally,
because most of the models developed so far present major
limitations with regard to antibiotic pharmacokinetics simula-
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tions, we adapted a new in vitro pharmacokinetic/pharmacody-
namic (PK/PD) model of biofilm formation to assess the anti-
microbial activities of these drugs.

(A portion of this work was presented at the 20th European
Conference of Clinical Microbiology and Infectious Diseases
in Vienna, Austria, 10 to 13 April 2010, as poster P3153.)

MATERIALS AND METHODS

Bacterial strains and culture media. Two well-described S. aureus strains, one
MSSA (SH1000) (20) and one MRSA (N315) (26), were evaluated in this study.
Kazuya Morikawa from Tsukuba University, Japan, generously provided MRSA
N315. Isolates were stored in CryoCare vials (KEY Scientific Products, Inc., TX)
at �80°C. Tryptic soy agar (TSA; Difco, Detroit, MI) plates were used to grow
isolates and perform bacterial enumeration. Tryptic soy broth supplemented with
1% or 10% glucose (gSTSB) was used for the 24-h batch or 16-h continuous flow
modes of the conditioning phase, respectively. Mueller-Hinton broth (MH;
Difco, Detroit, MI) supplemented with 25 �g/ml calcium and 12.5 �g/ml mag-
nesium (SMHB) was used for all in vitro PK/PD experiments and susceptibility
testing involving vancomycin, moxifloxacin, clarithromycin, and rifampin. For
simulated regimens and susceptibility testing with daptomycin, MHB was sup-
plemented with 50 �g/ml calcium and 12.5 �g/ml magnesium because of the
calcium dependency of daptomycin.

Antimicrobial agents. Vancomycin, clarithromycin, and rifampin were ob-
tained from Sigma-Aldrich (St. Louis, MO). Daptomycin and moxifloxacin were
commercially purchased. Drug powders were reconstituted following the CLSI
guidelines (6), using sterile distilled water for vancomycin and daptomycin and
methanol for rifampin and clarithromycin. Moxifloxacin was purchased as a
1.6-mg/ml solution in 0.9% NaCl. Except for moxifloxacin, stock solutions of
each antibiotic were freshly prepared prior to each experiment and stored at
�4°C. Moxifloxacin was kept at room temperature.

Susceptibility testing. Susceptibility testing of all antimicrobials was per-
formed in duplicate by broth microdilution following CLSI M7-A8 guidelines (6).
Biofilm MIC testing of all antimicrobials was performed using the modified
Calgary biofilm device method, as previously described (4).

In vitro PK/PD model. We based our protocol for biofilm growth upon the
methods previously published by Donlan et al. and McLeod and Sandvik (14, 23).
Briefly, a CDC biofilm reactor (CBR) model (BioSurfaces Technologies, Boze-
man, MT) was set up with 24 polycarbonate coupons inserted into eight rods (3
coupons per rod). A 40-h biofilm conditioning phase was performed prior to
evaluation of the antimicrobials and consisted of a 24-h incubation at 37°C of
inoculated 1% gSTSB, followed by 16 h of continuous flow with 10% gSTSB
performed with peristaltic pumps (Masterflex; Cole-Parmer Instrument Co.,
Chicago, IL) set up at a rate of 13.3 ml/min to achieve a 30-min residence time.
Once the continuous flow phase was completed, inflow medium with SMHB was
used for antibiotic simulations. Boluses of antibiotics were injected into the
reactor after the biofilm conditioning phase was completed. Peristaltic pumps
were then set up to simulate the half-lives of the antibiotics. Regimens evaluated
were daptomycin at 10 mg/kg every 24 h (q24h; free drug peak concentration
[fCmax], 11.3 mg/liter; t1/2, 8 h; protein binding, 92%) (Cubicin package insert,
Cubist Pharmaceuticals) alone or in combination with clarithromycin at 250 mg q12h
(fCmax, 1 mg/liter; t1/2, 3.5 h; protein binding, 50%) (Cleocin package insert [http:
//dailymed.nlm.nih.gov/dailymed/archives/fdaDrugInfo.cfm?archiveid�843])
and moxifloxacin at 400 mg q24h (fCmax, 2.5 mg/liter; t1/2, 12.5 h; protein binding,
50%) (2) alone or in combination with clarithromycin at 250 mg q12h for MSSA
SH1000. For MRSA N315, we evaluated daptomycin at 10 mg/kg q24h alone or
in combination with rifampin at 600 mg q24h (fCmax, 3.5 mg/liter; t1/2, 3 h; protein
binding, 90%) (Rifadin package insert, http://dailymed.nlm.nih.gov/dailymed
/drugInfo.cfm?id�7821) and vancomycin at q12h (fCmax, 20 mg/liter; t1/2, 6 h;
protein binding, 50%) in combination with rifampin at 600 mg q24h. A growth
control was performed with no drug, and each model was evaluated in duplicate
to ensure reproducibility.

PD analysis. Three coupons were aseptically removed at 0, 4, 8, 24, 32, 48, 56,
and 72 h. Each coupon was washed twice in sterile normal saline to remove
excess planktonic cells. Then, each coupon was placed in a sterile tube containing
10 ml of normal saline. Biofilm bacteria were recovered by three alternating 60-s
cycles of vortexing and sonication at 20 Hz (Bransonic 12; Branson Ultrasonic
Corporation) and a final 60 s of vortexing. Samples were then serially diluted
with normal saline and drop plated onto TSA to allow enumeration of viable
colonies. Planktonic bacteria recovered at the different time points (in �1 ml of
medium) were serially diluted and spiral plated onto TSA by using an automated
spiral plater (Don Whitley Scientific Ltd., West Yorkshire, England). Plated

samples were incubated at 37°C for 24 h, and colony counts (log10 CFU per
milliliter) were determined using a laser colony counter (ProtoCOL, version
2.05.02; Symbiosis, Cambridge, England). For all samples, antimicrobial car-
ryover was accounted for by serial dilution of the plated samples or by vacuum
filtration if the drug level of the anticipated dilution was near the MIC value of
the organism. Briefly, samples were washed through a 0.45-�m filter with normal
saline, plated onto TSA, and incubated at 37°C for 24 h. The limit of detection
of these methods of colony count determination was 2 log10 CFU/ml extended to
1 log10 CFU/ml by vacuum filtration for both planktonic and biofilm cells.
Concentrations of both biofilm-embedded and planktonic cells (means and stan-
dard deviations in CFU/ml) were computed and plotted to graph time-kill curves.
Absolute reductions in colony counts were determined over the 72-h period and
compared between regimens. Bactericidal (99.9% kill) and bacteriostatic effects
were defined as a �3-log10 CFU/ml reduction and a �3-log10 CFU/ml reduction
in the colony count compared to the starting inoculum, respectively. The time
required to achieve 99.9% killing was determined by linear regression (if r2 was
�0.95) or by visual inspection. Inactivity was defined as no observed reduction in
colony counts. Enhancement and improvement of activity by the addition of a
drug were defined as a �2-log10 CFU/ml increase and a 1- to 2-log10 CFU/ml
increase in kill compared to the most active single agent of the combination,
respectively. Combinations that resulted in a �-1 log10 CFU/ml reduction in
bacterial growth in comparison to the least-active single agent were considered
to represent antagonism.

PK analysis. Vancomycin concentrations were measured by fluorescence po-
larization immunoassay (TDx; Abbott Diagnostics). This assay has a lower limit
of detection of 2 �g/ml. Between-day coefficients of variation (CV%) were 0.9%,
2.5%, and 3.0% for high, medium, and low standards (75, 35, and 7 �g/ml),
respectively. Concentrations of rifampin, daptomycin, and moxifloxacin were
determined by bioassay using Micrococcus luteus ATCC 9341 and antibiotic
medium 11. Clarithromycin concentrations were measured by bioassay using
Bacillus subtilis ATCC 6631 and antibiotic medium 11. The elimination half-lives,
areas under the concentration-time curves (AUCs), and peak and trough con-
centrations were determined by the trapezoidal method with PKAnalyst software
(version 1.10; MicroMath Scientific Software, Salt Lake City, UT).

SEM. One coupon of each rod recovered at 0, 24, and 72 h was evaluated for the
presence and structure of biofilm by scanning electron microscopy (SEM). After
removal, the coupon was washed in normal saline to remove nonadherent cells and
immersion fixed in a solution of 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1
M sodium phosphate buffer. Coupons were then dehydrated in a graded ethanol
series and carbon coated at 30 A for 3 min by using a SeeVac Conductavac IV
sputter coater. The coupons were imaged using a Hitachi S570 SEM at 2,000�
magnification and evaluated for the presence and characteristics of biofilm.

Emergence of resistance. Susceptibility testing of colonies recovered at 48 and
72 h was performed according to CLSI guidelines in order to evaluate any change
in the MIC or minimal bactericidal concentration. Similarly, the biofilm MIC was
performed to evaluate any changes in the minimum biofilm inhibitory concen-
tration (MBIC) (6).

Statistical analysis. Changes in the log10 CFU/ml for planktonic and biofilm-
embedded bacteria at 72 h were evaluated for each regimen by analysis of
variance with Tukey’s post hoc test. A P value of �0.05 was considered signifi-
cant. All statistical analyses were performed using SPSS statistical software
(release 17.0; SPSS, Inc., Chicago, IL).

RESULTS

Susceptibilities of the isolates are displayed in Table 1. Be-

TABLE 1. MIC and MBIC values of each antimicrobial agent
evaluated against the two isolates of S. aureus

Antimicrobial
agent

MSSA SH1000 MRSA N315

MIC
(�g/ml)

MBIC
(�g/ml)

MIC
(�g/ml)

MBIC
(�g/ml)

Daptomycin 0.125 2 0.125 2
Moxifloxacin 0.0625 0.5 NDa ND
Vancomycin ND ND 0.25 2
Rifampin ND ND �0.0625 �0.0625
Clarithromycin �128 �128 ND ND

a ND, not done.
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cause MRSA N315 was resistant to moxifloxacin (MIC, 8 mg/
liter), we did not run moxifloxacin against this isolate. No
changes in susceptibilities were observed throughout the ex-
periments. Observed PK parameters are summarized in Table
2. Overall, PK values were within 15% of the targeted values.

Against MSSA SH1000, daptomycin and moxifloxacin alone
demonstrated similar activities and never achieved bactericidal
activity against either PB or BB. Absolute reductions in PB and
BB, respectively, were 2.2 � 0.16 and 2.83 � 0.15 log10

CFU/ml for daptomycin and 2.33 � 0.24 and 2.38 � 0.21 log10

CFU/ml for moxifloxacin. Combinations of daptomycin or
moxifloxacin with clarithromycin significantly increased the ac-
tivity compared to the drug alone, achieving bactericidal activ-
ity against both PB and BB at 24 h for daptomycin and at 48 h
for moxifloxacin. Only daptomycin plus clarithromycin signif-
icantly reduced the bacterial density of PB and BB to the limit
of detection at 72 h (P � 0.01 and 0.008, respectively), whereas
the absolute reduction in PB and BB with moxifloxacin was
4.04 � 0.14 and 4.06 � 0.08 log10 CFU/ml, respectively (Fig. 1).
SEM imaging confirmed these pharmacodynamic results. Im-
ages were collected at 2,000� magnification and demonstrated
a net reduction in the organisms and biofilm present at the
surfaces of the different coupons (Fig. 2B to D) compared to
the initial coupon (Fig. 2A).

Against MRSA N315, daptomycin was bactericidal at 24 h
against PB, but bacterial regrowth uncorrelated to the emer-

gence of resistance was observed after 48 h. The absolute final
reduction was therefore 2.78 � 0.14 and 2.73 � 0.13 log10

CFU/ml for PB and BB, respectively. In contrast, sustained
bactericidal activity was observed with the combination of van-
comycin plus rifampin at 32 h against PB, whereas the reduc-
tion in BB was only minimal. Overall, the absolute reductions
in PB and BB achieved with this combination were 3.34 � 0.24
and 1.76 � 0.15 log10 CFU/ml, respectively. A significant in-
crease in the killing effect (P � 0.04 and P � 0.04 for PB and
BB, respectively) was obtained when daptomycin was com-
bined with rifampin. Bactericidal activity was achieved at 8 h
for both PB and BB, and the reductions in the viable bacterial
densities reached the limit of detection at 72 h for both PB and
BB (Fig. 3).

DISCUSSION

Staphylococcus spp. account for the majority of biofilm-as-
sociated infections (1, 7, 12, 27). In a recent review of case
series and case reports, both Staphylococcus spp. and Pseudo-
monas spp. were the most frequent causative pathogens, and
resolution of the infections was not achieved without removal
of the infected implants (8), highlighting the need for new
agents or strategies to treat biofilm-associated infections.

In the present study, we report the in vitro activities of
antimicrobials currently available, used alone or in combina-
tion, against two strains of S. aureus grown in mature biofilms.
Consistent with previous data (13, 15, 31, 32), we found that
none of the agents alone (including high-dose daptomycin) was
able to reduce the biofilm bacterial burden below the limit of
detection. Combination therapy resulted, however, in a com-
plete eradication of planktonic and biofilm-embedded staphy-
lococci. Combinations of daptomycin or moxifloxacin with
rifampin or clarithromycin at physiologically achievable con-
centrations resulted in a significant and pronounced improve-
ment in the in vitro activity of daptomycin against both plank-
tonic and biofilm-embedded cells, reducing the bacterial
density below the limit of detection. Also consistent with other

TABLE 2. PK results for daptomycin, vancomycin, moxifloxacin,
clarithromycin, and rifampin obtained with the PK/PD model

Antimicrobial
agent

fCmax (�g/ml)a

(targeted value)
t1/2 (h)

(targeted value)
AUC0–24h
(�g/ml � h)

Daptomycin 11.79 � 0.22 (11.3) 8.21 (8) 199.77
Moxifloxacin 2.52 � 0.14 (2.5) 12.13 (12.5) 44.15
Vancomycin 22.6 � 0.17 (20) 5.91 (6) 192.88
Rifampin 3.82 � 1.21 (3.5) 3.56 (3) 19.65
Clarithromycin 1.15 � 0.6 (1) 3.91 (3.5) 6.53

a Data are means � standard deviations.

FIG. 1. Activity of DAP at 10 mg/kg/day q24h and 400 mg MOX daily, alone or in combination with CLA at 250 mg q12h against SH1000.
(A) Planktonic bacteria; (B) biofilm-embedded bacteria. White circles, DAP; black inversed triangles, MOX; white triangles, DAP plus CLA; black
squares, MOX plus CLA; black circles, GC, growth control (organism growth with no drug added).
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findings reported in the literature (16, 30, 34), we found that
daptomycin plus rifampin resulted in better killing than van-
comycin plus rifampin against MRSA grown in biofilm, and
combination regimens performed better than daptomycin
alone. Daptomycin has been already evaluated alone and in
combination in different in vitro models of biofilms. Conflicting
results have been reported, presumably due to the differences

in the models and doses investigated (15, 18, 32), but of inter-
est, a high dose of daptomycin always resulted in an enhance-
ment in the activity (18, 32). This may suggest and highlight the
need for higher doses to cure these difficult-to-treat infections.

Similarly, moxifloxacin demonstrated promising activity
against MSSA grown in mature biofilm. In this study, we found
that moxifloxacin and daptomycin were equally active against

FIG. 2. SEM images of coupon surfaces to assess the presence and structure of the matrix of a SH1000 biofilm. Images were collected at 2,000�
magnification. (A) Before any drug exposure; (B) after 72 h of daptomycin exposure; (C) after 72 h of daptomycin plus clarithromycin exposure;
(D) after 72 h of moxifloxacin plus clarithromycin exposure.

4332 PARRA-RUIZ ET AL. ANTIMICROB. AGENTS CHEMOTHER.



planktonic and biofilm-embedded bacteria, but a significant
enhancement in the killing effect was observed when combined
with clarithromycin. However, only daptomycin was able to
reduce the bacterial count below the limit of detection at 72 h.
Of note, clarithromycin was not used as monotherapy in this
model, since the isolate of MSSA SH1000 was resistant to this
drug, with a MIC greater than 128 �g/ml, and no killing effect
for clarithromycin. These results are consistent with those re-
ported by Gander et al. (13), who assessed the activities of
different antimicrobials, including telavancin, moxifloxacin,
vancomycin, teicoplanin, and linezolid in an in vitro model of
biofilms. They reported that moxifloxacin was the most active
agent against moxifloxacin-susceptible strains of S. aureus, with
the greatest reduction in biofilm-embedded bacteria (range, 0
to 6 log10). Frank et al. (10) also found that moxifloxacin at
clinically achievable concentrations was the only antimicrobial
agent able to kill more than 70% of Staphylococcus lugdunensis
isolates grown in biofilm. However, Pérez-Giraldo et al. (29)
found different results in an in vitro model of biofilm and
reported that moxifloxacin concentrations up to 100� MIC
were needed to achieve more than a 1-log10 CFU/ml reduction
in biofilm-embedded bacteria.

In conclusion, we found that neither moxifloxacin nor high-
dose daptomycin alone exhibited bactericidal activity against
staphylococcal biofilms. Combination therapy such as dapto-
mycin or moxifloxacin plus clarithromycin significantly im-
proved the bacterial killing effect of daptomycin against bio-
films of staphylococci. However, this study presented some
limitations that need to be carefully considered, including the
low variety of tested organisms (two strains of S. aureus) and
the short length of therapy, which might preclude the emer-
gence of resistance. Finally, the mechanism by which clarithro-
mycin enhanced daptomycin and moxifloxacin activity is not
completely understood yet. Previous studies reported that cla-
rithromycin suppressed glycocalyx production and therefore
biofilm formation (35, 37). Further investigations are now war-
ranted to clarify the mechanism of action of clarithromycin

against biofilms and to determine the clinical impact of such
preliminary results.
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