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We used in vitro and in vivo models of catheter-associated biofilm formation to compare the relative activity of antibiotics effec-
tive against methicillin-resistant Staphylococcus aureus (MRSA) in the specific context of an established biofilm. The results
demonstrated that, under in vitro conditions, daptomycin and ceftaroline exhibited comparable activity relative to each other
and greater activity than vancomycin, telavancin, oritavancin, dalbavancin, or tigecycline. This was true when assessed using
established biofilms formed by the USA300 methicillin-resistant strain LAC and the USA200 methicillin-sensitive strain
UAMS-1. Oxacillin exhibited greater activity against UAMS-1 than LAC, as would be expected, since LAC is an MRSA strain.
However, the activity of oxacillin was less than that of daptomycin and ceftaroline even against UAMS-1. Among the lipoglyco-
peptides, telavancin exhibited the greatest overall activity. Specifically, telavancin exhibited greater activity than oritavancin or
dalbavancin when tested against biofilms formed by LAC and was the only lipoglycopeptide capable of reducing the number of
viable bacteria below the limit of detection. With biofilms formed by UAMS-1, telavancin and dalbavancin exhibited comparable
activity relative to each other and greater activity than oritavancin. Importantly, ceftaroline was the only antibiotic that exhib-
ited greater activity than vancomycin when tested in vivo in a murine model of catheter-associated biofilm formation. These
results emphasize the need to consider antibiotics other than vancomycin, most notably, ceftaroline, for the treatment of bio-
film-associated S. aureus infections, including by the matrix-based antibiotic delivery methods often employed for local antibi-
otic delivery in the treatment of these infections.

Staphylococcus aureus is a leading cause of both hospital and
community-acquired infections (1). S. aureus causes many dif-

ferent types of infections, but among the most common are infec-
tions associated with indwelling medical devices (2, 3). In fact,
with the possible exception of S. epidermidis, S. aureus is easily the
single most prominent cause of all types of implant-associated
infection, and irrespective of overall prevalence, the virulence of S.
aureus makes it by far the most clinically problematic pathogen (4,
5). This is particularly true in the context of implant-associated
infections caused by methicillin-resistant S. aureus (MRSA)
strains (6). Thus, the increasing prevalence of MRSA strains even
among isolates causing community-associated infections (7)
makes antibiotics effective against MRSA of particular clinical im-
portance.

The prevalence of S. aureus as a cause of implant-associated
infections is due in part to its ability to form a biofilm (5, 8–10).
Biofilm formation not only contributes to the establishment and
persistence of infection but also greatly complicates treatment ow-
ing to intrinsic antibiotic resistance, thus leading to infections that
fail to respond to conventional antibiotic therapy even when ac-
quired antibiotic resistance is not an issue (11). This often neces-
sitates surgical intervention to remove the implant and any in-
fected surrounding tissues, often accompanied by some form of
local matrix-based antibiotic delivery (4). This is especially true in
cases involving indwelling orthopedic devices (8, 12), which are
particularly noteworthy in that they are increasing dramatically,
with the number of both primary and revision total knee and hip
replacement procedures continuing to increase without a decline
in the overall infection rate (13).

Despite the increasing prevalence of biofilm-associated infec-
tions, antibiotics continue to be developed on the basis of their
activity against planktonic bacterial cultures (14). This highlights
the need to consider antibiotic activity in the context of a biofilm,

and in the case of S. aureus, it has become increasingly important
to do so in the context of methicillin resistance. To this end, we
previously used an in vitro model of catheter-associated biofilm
formation to evaluate the relative activity of daptomycin, lin-
ezolid, and vancomycin (11). These studies led to the conclusion
that the membrane-active antibiotic daptomycin exhibits greater
activity in the context of a biofilm than either vancomycin or
linezolid. Subsequent studies using a murine model of catheter-
associated biofilm infection confirmed the activity of daptomycin
under in vivo conditions (15). These studies support the hypoth-
esis that daptomycin is a viable alternative and perhaps even a
preferred alternative to vancomycin in the context of biofilm-
associated infections. However, since these studies were done, a
number of other antibiotics with activity against MRSA have been
introduced into clinical practice. Thus, the purpose of the studies
that we report on here was to use our established in vitro and
in vivo models of catheter-associated biofilm formation (11, 15) as
a first step toward evaluating the relative activity of these addi-
tional antibiotics.

MATERIALS AND METHODS
Bacterial strains and antibiotics tested. The strains included were the
USA300 MRSA strain LAC and the USA200 methicillin-sensitive S. aureus
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(MSSA) strain UAMS-1. The primary antibiotics tested were daptomycin,
vancomycin, telavancin, ceftaroline, and tigecycline, all of which are ac-
tive against MRSA, as assessed under standard in vitro conditions (16).
Oxacillin, which is not active against MSRA, was included as a control in
these comparisons because the experiments included both the MRSA
strain LAC and the MSSA strain UAMS-1. In separate experiments, we
also directly compared the relative activity of the lipoglycopeptide antibi-
otics telavancin, oritavancin, and dalbavancin. All antibiotics were pur-
chased from our hospital pharmacy, except for telavancin, which was
kindly provided both in its pharmaceutical formulation (Vibativ) and as
telavancin powder by Theravance Biopharma Antibiotics, Inc. (George
Town, Cayman Islands).

Assessment of antibiotic susceptibility in vitro. Antibiotics were
tested and compared using our established in vitro catheter model of bio-
film formation (11). Briefly, 1-cm segments of fluorinated ethylene pro-
pylene catheters (14 gauge; Introcan safety catheter; B. Braun, Bethlehem,
PA) were coated with human plasma before being placed into the wells of
a 12-well microtiter plate containing 2 ml of tryptic soy broth supple-
mented with glucose and sodium chloride (biofilm medium [BM]). Each
well was then inoculated with LAC or UAMS-1 at an optical density at 600
nm of 0.05. The plate was then incubated at 37°C for 24 h before the
catheters were removed and transferred to fresh BM with and without the
appropriate antibiotic. For in vitro experiments done with daptomycin,
the BM was supplemented with calcium chloride, as previously de-
scribed (11). In all cases, the medium used for in vitro assays was
prepared fresh daily. Comparisons were done using multiple concen-
trations of each antibiotic. Specifically, the concentrations used corre-
sponded to 5�, 10�, and 20� the breakpoint MIC for a susceptible
strain of S. aureus, as defined by the United States Food and Drug
Administration (FDA) (Table 1).

To compensate for the fact that telavancin has a much lower break-
point MIC than the other antibiotics tested (Table 1), we also evaluated
telavancin at 40�, 80�, and 160� its breakpoint MIC, thus allowing us to
draw comparisons between approximately equal physical concentrations
of telavancin and daptomycin. To make direct comparisons between the
lipoglycopeptides, which have been reported to exhibit good penetration
and relatively high efficacy in the context of a biofilm (17–19), we also
evaluated oritavancin and dalbavancin at concentrations corresponding
to 160� the telavancin breakpoint MIC, thus allowing us to draw com-
parisons between approximately equal physical concentrations of these
antibiotics and daptomycin. In addition, a subset of antibiotics chosen for
reasons discussed below was also tested at concentrations corresponding
to multiples of the actual MICs for the test strains.

Antibacterial effects were assessed after 24 and 72 h of antibiotic ex-
posure. For catheters exposed for 72 h, catheters were removed after 24
and 48 h, rinsed in sterile phosphate-buffered saline (PBS), and trans-
ferred to wells with fresh medium with and without antibiotics. After
exposure for 24 or 72 h, catheters were removed, rinsed in sterile PBS to
remove nonadherent bacteria, and sonicated in sterile PBS to remove
adherent bacteria. After sonication, samples were serially diluted and
100-�l aliquots were plated on tryptic soy agar to quantify the number of
viable CFU per catheter. Using this experimental method, the limit of
detection was 50 CFU per catheter.

Assessment of antibiotic susceptibility in vivo. To test activity in
vivo, we used a murine model of catheter-associated biofilm infection as
previously described (15). Briefly, 1-cm catheter sections were implanted
subcutaneously into the flanks of NIH Swiss mice. LAC (105 CFU) in a
total volume of 100 �l was then injected into the lumen of each catheter.
Beginning 24 h later, 100 �l of the test antibiotic at the concentrations
indicated below was injected into the lumen daily for 5 days. Control mice
were injected daily with 100 �l of sterile PBS. At the completion of each
experiment, catheters were processed as previously described (15). The
animal studies were approved by the University of Arkansas for Medical
Sciences Institutional Animal Care and Use Committee.

Statistical methods. Statistical comparisons were made using the
Mann-Whitney test. Using the same experimental model employed in
these studies, we previously demonstrated that daptomycin has greater
activity than vancomycin in the context of a biofilm formed by UAMS-1
(11). On the basis of this finding, statistical comparisons were made on the
basis of activity relative to the activities of these two antibiotics. However,
additional comparisons were made to assess the activities of lipoglycopep-
tide antibiotics relative to each other.

RESULTS AND DISCUSSION

After 24 h in the absence of antibiotic exposure, no significant
difference with respect to the average colony counts per catheter
was observed between UAMS-1 and LAC (Fig. 1). However, a
significant difference was observed after 72 h, with the biofilms
formed by UAMS-1 containing, on average, 2.5 times more viable
bacterial cells than those formed by LAC (1.16 � 108 � 1.48 � 108

versus 4.58 � 107 � 5.71 � 107; n � 54). The finding that there
was no significant difference between the number of bacteria

TABLE 1 Relationship between breakpoint MIC and MIC for each test strain

Antibiotic BkPta (�g/ml)

LAC UAMS-1

MIC (�g/ml) Ratio (MIC/BkPt) MIC (�g/ml) Ratio (MIC/BkPt)

Vancomycin 2.0 2.0 1.0 1.5 0.75
Daptomycin 1.0 0.5 0.5 0.5 0.5
Ceftaroline 1.0 0.5 0.5 0.5 0.5
Tigecycline 0.5 0.125 0.25 0.19 0.38
Telavancin 0.12 0.047 0.39 0.047 0.39
Oxacillin 2.0 128 64 1.5 0.75
a BkPt, breakpoint MIC. The breakpoint MICs cited are those defined by the United States Food and Drug Administration (FDA) for a susceptible strain of S. aureus.

FIG 1 Relative capacity of UAMS-1 and LAC to form a biofilm in vitro. The
relative capacity of each strain to form a biofilm was evaluated using our
catheter model after 24 and 72 h of colonization without antibiotic exposure.
Results are shown as the number of CFU per catheter, with each box illustrat-
ing the maximum and minimum values observed within each experimental
group and the horizontal line indicating the mean for that group. *, statistically
significant difference (P � 0.05) between the number of viable biofilm-asso-
ciated bacteria formed by LAC relative to the number of viable biofilm-asso-
ciated bacteria formed by UAMS-1 at 72 h.
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within the biofilms formed by these two strains at 24 h suggests
that biofilms formed by LAC become relatively static over time,
while those formed by UAMS-1 continue to develop. This differ-
ence accounts in part for our inclusion of these two time points in
our studies, with the other relevant consideration being the like-
lihood that the results would be impacted in an antibiotic-depen-
dent manner by the time of exposure to the test antibiotic.

The number of potential comparisons in the experiments that
we report is very large. Thus, we focused on the fact that vanco-
mycin is the primary antibiotic used for the treatment of MRSA
infections and our previous results demonstrating that daptomy-
cin exhibits significantly greater activity than vancomycin in the
context of a biofilm (11). Specifically, we based our statistical anal-
ysis on whether each antibiotic exhibited increased activity rela-
tive to that of each of these two antibiotics when tested at equiva-
lent multiples of the breakpoint MIC for each antibiotic.

After 24 h of exposure of biofilms formed by UAMS-1, dapto-
mycin was found to exhibit significantly greater activity than van-
comycin at all concentrations tested (Fig. 2). This is consistent
with the results observed in our previous study (11). A significant
difference between vancomycin and both oxacillin and tigecycline
at all concentrations tested and between ceftaroline and vancomy-
cin at 20� the breakpoint MIC was also observed, with all of these
antibiotics exhibiting significantly greater activity than vancomy-
cin when the activities at corresponding concentrations were
compared. However, no antibiotic was found to have activity
greater than that of daptomycin at any concentration tested at the
24-h time point (Fig. 2).

After 24 h, the increased activity of daptomycin relative to that
of vancomycin was also evident at all concentrations tested when
these experiments were repeated using biofilms formed by LAC
(Fig. 2). Additionally, while ceftaroline, tigecycline, and even ox-
acillin exhibited greater activity than vancomycin, depending on
the antibiotic concentration, none exhibited greater activity than
daptomycin at any of the concentrations tested (Fig. 2). The ac-
tivity observed with oxacillin was surprising, given that LAC is an
MRSA strain. However, when it was tested using UAMS-1, oxa-
cillin exhibited greater activity than vancomycin at every concen-
tration tested, and this was not the case with LAC.

When UAMS-1 biofilms were exposed to the same antibiotics
for 72 h, daptomycin, ceftaroline, oxacillin, and tigecycline all
exhibited greater activity than vancomycin at one or more of the
concentrations tested (Fig. 3). No antibiotic tested exhibited
greater activity than daptomycin at an equivalent concentration,
with the exception of that activity of oxacillin at 5� the breakpoint
MIC compared to that of daptomycin at 5� the breakpoint MIC.
Additionally, ceftaroline, oxacillin, and tigecycline all exhibited
activity comparable to that observed with daptomycin at one or
more concentrations (Fig. 3). Most importantly, only daptomycin
at 10� and 20� the breakpoint MIC and ceftaroline at 20� the
breakpoint MIC were capable of clearing the catheters of viable
biofilm-associated bacteria, as defined by the detection limit of
our assay.

With the exception of oxacillin, the same general trends were

FIG 2 Relative activity of different antibiotics against LAC and UAMS-1 at 24
h in the context of a biofilm in vitro. Activity was evaluated using daptomycin
(DAP), vancomycin (VAN), ceftaroline (CPT), oxacillin (OXA), telavancin
(TLV), and tigecycline (TGC) at concentrations corresponding to 5�, 10�,
and 20� the breakpoint MIC for each antibiotic. Results are shown as the
number of CFU per catheter, with each box illustrating the maximum and
minimum values observed within each experimental group and the horizontal
line indicating the mean for that group. Gray bars, results observed with cath-
eters that were not exposed to any antibiotic; white bars, results observed after
exposure of UAMS-1 (top) or LAC (bottom) biofilms to the indicated antibi-
otics; *, significant reduction in the number of viable bacteria (P � 0.05)
relative to that achieved with vancomycin at the equivalent concentration.

FIG 3 Relative activity of different antibiotics against LAC and UAMS-1 at 72
h in the context of a biofilm in vitro. Activity was evaluated using daptomycin
(DAP), vancomycin (VAN), ceftaroline (CPT), oxacillin (OXA), telavancin
(TLV), and tigecycline (TGC) at concentrations corresponding to 5�, 10�,
and 20� the breakpoint MIC for each antibiotic. Results are shown as the
number of CFU per catheter, with each box illustrating the maximum and
minimum values observed within each experimental group and the horizontal
line indicating the mean for that group. Gray bars, results observed with cath-
eters that were not exposed to any antibiotic; white bars, results observed after
exposure of UAMS-1 (top) or LAC (bottom) biofilms to the indicated antibi-
otics. *, significant reduction in the number of viable bacteria (P � 0.05)
relative to that achieved with vancomycin at the equivalent concentration; **,
significant reduction relative to that achieved with daptomycin at the equiva-
lent concentration.
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observed when the 72-h experiments were repeated using biofilms
formed by LAC. Specifically, daptomycin was shown to be supe-
rior to vancomycin at all concentrations tested. Ceftaroline at 20�
the breakpoint MIC and tigecycline at 5� the breakpoint MIC
were also found to exhibit greater activity than equivalent concen-
trations of vancomycin (Fig. 3). As with UAMS-1, daptomycin
and ceftaroline were the only antibiotics found to clear any cath-
eters of viable bacteria. In fact, 20� the breakpoint MICs of both
daptomycin and ceftaroline were shown to reduce the number of
viable bacteria to below the limit of detection in 50% of the cath-
eters tested after 72 h of antibiotic exposure (data not shown). The
increased clearance observed with LAC relative to that observed
with UAMS-1 is likely a reflection of the fact that UAMS-1 formed
a more robust biofilm than LAC at the 72-h time point (Fig. 1).

The lipoglycopeptide antibiotic telavancin includes a mem-
brane-active component, in addition to its cell wall-inhibitory ac-
tivity, and has shown promise in multiple animal models of
infection (20, 21), but it exhibited relatively little activity by
comparison to that of daptomycin and ceftaroline against both
UAMS-1 and LAC biofilms at the concentrations initially tested in
vitro. It is important to note in this respect that neither of these
antibiotics was included for comparison in the previous studies
focusing on telavancin (20, 21). However, telavancin also has a
very low breakpoint MIC by comparison to the breakpoint MICs
all of the other antibiotics that we tested (Table 1), thus leaving
open the possibility that the results were skewed in favor of these
other antibiotics by using multiples of the breakpoint MIC. To
address this, we repeated the experiments using telavancin at 40�,
80�, and 160� its breakpoint MIC, with the last concentration
(19.2 �g per ml) being comparable to 20� the breakpoint MIC of
daptomycin (20 �g per ml). Under these circumstances, telavan-
cin at 160� the breakpoint MIC did, in fact, exhibit activity com-
parable to that of daptomycin at 20� the breakpoint MIC at 72 h
against LAC but not against UAMS-1 (Fig. 4). In fact, telavancin at
160� the breakpoint MIC was capable of reducing the number of
viable bacteria to below the limit of detection. After 24 h of expo-
sure, telavancin at 40�, 80�, and 160� the breakpoint MIC ex-

hibited activity comparable to that of daptomycin at 20� the
breakpoint MIC when tested using biofilms formed by UAMS-1,
but after 72 h, daptomycin at 20� the breakpoint MIC exhibited
activity greater than that of telavancin at all of these concentra-
tions (Fig. 4).

To determine whether similar results were observed with other
lipoglycopeptides, we also carried out experiments comparing
oritavancin and dalbavancin at physical concentrations equiva-
lent to 160� the breakpoint MIC of telavancin (Table 1). In LAC
biofilms, telavancin exhibited significantly greater activity than
either of these other antibiotics (Fig. 5). Dalbavancin exhibited a
level of activity that was greater than that observed with oritavan-
cin but less than that observed with telavancin. In UAMS-1 bio-
films, telavancin exhibited significantly greater activity than orita-
vancin and activity comparable to that of dalbavancin.

These experiments were done using the commercially available
formulation of telavancin (Vibativ), which includes a number of
inactive ingredients, including hydroxypropyl-beta-cyclodextrin
and mannitol (Theravance Biopharma Antibiotics, Inc.), and a
recent report demonstrated the need to reconsider the in vitro
methods used for determining the MIC of telavancin in multiple
bacterial species, including staphylococci (22). To address this, we
reassessed the activity of telavancin in the context of a biofilm
using the revised protocol recommended by the earlier report
(22). The key element of this alternative approach is the use of
telavancin powder rather than the commercial preparation and
the use of dimethyl sulfoxide as the diluent in the presence of
polysorbate 80 (22). The motivation for this was not only the
observation that testing methods have a significant impact on the
determination of MIC values for all lipoglycopeptides but also
the need to consider the activity of antibiotics in alternative clin-
ical contexts, including localized, matrix-based delivery, particu-
larly in postdebridement and/or trauma-associated orthopedic
procedures. However, we observed no differences in the results as
a function of the drug formulation utilized (data not shown).

FIG 4 Evaluation of telavancin activity in vitro. Activity was evaluated by
comparison of the activity of daptomycin at a concentration corresponding to
20� the breakpoint MIC (gray bars) to that of telavancin at 40�, 80�, and
160� the breakpoint MIC (white bars). Results are shown as the number of
CFU per catheter, with each box illustrating the maximum and minimum
values observed within each experimental group and the horizontal line indi-
cating the mean for that group. *, significant reduction in the number of viable
bacteria (P � 0.05) achieved with daptomycin at 20� the breakpoint MIC
relative to that achieved with telavancin at 160� the breakpoint MIC.

FIG 5 Comparison of the activity of lipoglycopeptide antibiotics in vitro. The
activities of telavancin (TLV), oritavancin (ORV), and dalbavancin (DBV) at
an equal concentration corresponding to 160� the breakpoint MIC of tela-
vancin (19.2 �g per ml) were compared. The results obtained with catheters
that were exposed to antibiotic (white bars) for 72 h relative to those obtained
with catheters that were not exposed to antibiotic (gray bars) are shown. Re-
sults are shown as the number of CFU per catheter, with each box illustrating
the maximum and minimum values observed within each experimental group
and the horizontal line indicating the mean for that group. *, significant re-
duction in the number of viable bacteria (P � 0.05) relative to that achieved
with oritavancin; **, significant reduction relative to that achieved with dalba-
vancin.
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Although comparison of the activities of antibiotics on the ba-
sis of their respective breakpoint MICs allows the broad applica-
bility of the results, it is possible that this could skew the data in
favor of those antibiotics for which a particular strain has a rela-
tively low MIC compared to the breakpoint MIC. More directly,
comparisons based on multiples of the breakpoint MIC result in
lower multiples of the MIC for any antibiotic for which the ratio of
the MIC to the breakpoint MIC is higher than that of another
antibiotic. To assess this possibility, the MIC of each antibiotic for

each test strain was determined by the Clinical Microbiology Lab-
oratory at Arkansas Children’s Hospital. This information was
then used to calculate a ratio of the MIC relative to the breakpoint
MIC for each strain with each antibiotic (Table 1). We then fo-
cused our assessment on a comparison of daptomycin and cef-
taroline, which were shown to have greater activity than the other
antibiotics tested but also had relatively low ratios (0.5) that could
have skewed the results for the reasons discussed above, to vanco-
mycin and oxacillin, which were the only antibiotics that exhibited
higher ratios. These antibiotics were compared at concentrations
corresponding to 20� and 40� the MIC for each strain.

When tested at 20� the MIC, daptomycin was the only anti-
biotic found to have significantly greater activity than vancomycin
against both UAMS-1 and LAC (Fig. 6). Ceftaroline was also
found to have significantly greater activity than vancomycin
against LAC but not UAMS-1. Against UAMS-1, daptomycin was
also the only antibiotic found to exhibit significantly greater activ-
ity than vancomycin when they were tested at 40� the MIC, but
this was not true against LAC. In fact, against LAC, even the dif-
ference observed between ceftaroline and vancomycin did not
reach statistical significance when they were examined at 40� the
MIC. However, both daptomycin and ceftaroline did demonstrate
the ability to reduce the number of viable bacteria to below the
limit of detection in some catheters, and this was not true with
vancomycin or, with respect to UAMS-1, oxacillin (Fig. 6). These
results are consistent with comparisons made on the basis of
breakpoint MICs, thus confirming that daptomycin and ceftaro-
line do in fact exhibit greater activity than vancomycin in the
context of a biofilm.

We next tested the efficacy of daptomycin, ceftaroline, and
telavancin relative to that of vancomycin under in vivo conditions
using concentrations corresponding to 20� and 40� the break-
point MIC for each antibiotic. These three antibiotics were chosen
because they were the only antibiotics capable of reducing the
number of viable bacteria to below the limit of detection under
any of the conditions tested. Interestingly, at 20� the breakpoint
MIC, none of the differences observed between these antibiotics
reached statistical significance, and only treatment with ceftaro-
line was found to result in a significant reduction in the number of
bacteria relative to the number of bacteria for the PBS-treated
control (Fig. 7). At 40� the breakpoint MIC, all antibiotics were
found to have a significant effect relative to that of the PBS-treated

FIG 6 Relative activity of different antibiotics assessed in vitro based on the
MIC. Activity was evaluated after 72 h of exposure using daptomycin (DAP),
ceftaroline (CPT), vancomycin (VAN), and oxacillin (OXA) at concentrations
corresponding to 20� (top) and 40� (bottom) the MIC for each test strain, as
determined by Etest. Gray bars, results observed with catheters that were not
exposed to any antibiotic; white bars, results observed after exposure to the
indicated antibiotics. *, significant reduction in the number of viable bacteria
(P � 0.05) relative to the number of untreated control bacteria; **, significant
reduction relative to that achieved with vancomycin at the equivalent concen-
tration.

FIG 7 Relative activity of different antibiotics assessed in vivo. Catheters colonized with LAC were evaluated after 5 days of exposure to daptomycin (DAP),
ceftaroline (CPT), vancomycin (VAN), and telavancin (TLV) at a concentration corresponding to 20� (left) or 40� (right) the breakpoint MIC for each
antibiotic. Gray bars, results observed with catheters that were not exposed to any antibiotic; white bars, results observed after exposure to the indicated
antibiotics. *, significant reduction in the number of viable bacteria (P � 0.05) relative to the number of untreated control bacteria; **, statistical significance by
comparison to the results obtained with vancomycin.
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control, but only ceftaroline was found to exhibit greater efficacy
than vancomycin.

In summary, these results illustrate the intrinsic resistance that
defines S. aureus biofilms, thus emphasizing the need to evaluate
antibiotics in the context of an established biofilm. In fact, it is not
clear if the concentrations used in our study can be achieved at the
site of infection when antibiotics are administered systemically.
However, antibiotics are also often administered locally using
some form of matrix-based delivery system, particularly in ortho-
pedic medicine (11, 23–25). We also recently described a novel
nanocage-based system for the targeted local delivery of daptomy-
cin (26). Thus, even if sufficient systemic levels cannot be
achieved, it remains important to prioritize antibiotics for use in
local antibiotic delivery systems.

In this respect, the results that we report confirm the greater
activity of the membrane-active agent daptomycin relative to that
of vancomycin. They also demonstrate that ceftaroline has activity
comparable to that of daptomycin in the context of biofilms
formed by both MSSA and MRSA strains, particularly at the
higher concentrations tested, and even greater efficacy than dap-
tomycin when tested under in vivo conditions. Indeed, the activity
of these antibiotics relative to that of oxacillin suggests that they
may offer a therapeutic advantage even in the context of MSSA
infections. It is also worth noting that, in the context of biofilms
formed by MRSA strain LAC, telavancin exhibited greater activity
than any other lipoglycopeptide. This suggests that in at least some
patients suffering from biofilm-associated infections caused by
MRSA strains, telavancin may also be a viable therapeutic option,
particularly since it was one of only three antibiotics shown to
clear an established biofilm under any test condition. Most impor-
tantly, all of these results must be interpreted relative to those for
vancomycin, which was relatively ineffective by comparison to
daptomycin and ceftaroline yet remains the primary choice for the
treatment of MRSA infections.
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