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The objective of this study was to evaluate the antibacterial effects of polymethylmethacrylate (PMMA) bone
cements loaded with daptomycin, vancomycin, and teicoplanin against methicillin-susceptible Staphylococcus
aureus (MSSA), methicillin-resistant Staphylococcus aureus (MRSA), and vancomycin-intermediate Staphylo-
coccus aureus (VISA) strains. Standardized cement specimens made from 40 g PMMA loaded with 1 g
(low-dose), 4 g (middle-dose) or 8 g (high-dose) antibiotics were tested for elution characteristics and anti-
bacterial activities. The patterns of release of antibiotics from the cement specimens were evaluated using in
vitro broth elution assay with high-performance liquid chromatography. The activities of broth elution fluid
against different Staphylococcus aureus strains (MSSA, MRSA, and VISA) were then determined. The antibac-
terial activities of all the tested antibiotics were maintained after being mixed with PMMA. The cements loaded
with higher dosages of antibiotics showed longer elution periods. Regardless of the antibiotic loading dose, the
teicoplanin-loaded cements showed better elution efficacy and provided longer inhibitory periods against
MSSA, MRSA, and VISA than cements loaded with the same dose of vancomycin or daptomycin. Regarding the
choice of antibiotics for cement loading in the treatment of Staphylococcus aureus infection, teicoplanin was

superior in terms of antibacterial effects.

Most patients with osteomyelitis require adequate drainage,
thorough debridement, obliteration of dead space, and long-
term antibiotic therapy. Unfortunately, intravenous antibiotic
therapy with several antibiotics requires careful monitoring of
serum drug concentrations to maintain nontoxic systemic lev-
els. Moreover, the blood supply to the infected tissue may be
compromised, which can prevent sufficient local antibiotic lev-
els (16, 21). For these reasons, interest in the local adminis-
tration of antibiotics has been increasing (16, 21). Antibiotic
loaded polymethylmethacrylate (PMMA) bone cements have
been used in the treatment of osteomyelitis and in the place-
ment of orthopedic implants in patients at high risk for infec-
tion. The ability to deliver high local concentrations of antimi-
crobial agents with PMMA has made it into one of the
standards of treatment for patients with chronic infection of
the skeletal system (9).

Staphylococcus aureus is the most common organism impli-
cated in the infection of the skeletal system (6, 8). Approxi-
mately 20% of S. aureus isolates from Europe are reported as
methicillin-resistant (MRSA), and the prevalence ranges from
33 to 55% in U.S. hospitals (1). The glycopeptides antibiotics
vancomycin and teicoplanin remain the standards for treating
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most MRSA infections. However, reports of vancomycin-inter-
mediate S. aureus (VISA), first isolated in Japan in 1997 (10),
and vancomycin-resistant S. aureus in the United States (4)
caused widespread alarm. Daptomycin is a cyclic lipopeptide
antibiotic which has a rapid bactericidal activity in vitro against
a broad spectrum of Gram-positive bacteria (3). Since antibi-
otic-loaded cement is widely used in treating orthopedic infec-
tion, the effective selection of daptomycin, vancomycin, or tei-
coplanin as the antibiotic loaded into PMMA became an
important issue for the treatment of S. aureus infection, espe-
cially against resistant strains such as MRSA and VISA.

To the best of our knowledge, the elution characteristics of
antibiotic-loaded PMMA which contained daptomycin, vanco-
mycin, and teicoplanin have not been studied. The objective of
our study was to measure the elution characteristics of dapto-
mycin, vancomycin, and teicoplanin from antibiotic-loaded ce-
ment specimens and to compare their antibacterial activities
against methicillin-susceptible S. aureus (MSSA), MRSA, and
VISA. We used an in vitro model to measure the antibiotic
release characteristics and the bacterial-eradication ability of
antibiotic-loaded bone cement.

MATERIALS AND METHODS

Antibiotic-loaded cement specimens. Surgical Simplex bone cement (Stryker
Orthopaedics, Limerick, Ireland) with added daptomycin (Cubist Pharmaceuti-
cals, Inc., Lexington, MA), vancomycin (Gentle Pharmaceutical Co. Yulin, Tai-
wan), or teicoplanin (Sanofi-Aventis, Paris, France) was tested. The antibiotic-
cement mixture consisted of 1 g (low dose), 4 g (middle dose) or 8 g (high dose)
of antibiotic mixed with 40 g of bone cement polymer prior to the addition of the
liquid counterpart. The cement-antibiotic mixture was hand-mixed in a ceramic
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container for 2 min to achieve a doughy consistency and then manually pressed
into a plastic mold to form uniform cylindrical test specimens. The cement
cylinders, 20 mm in height and 15 mm in diameter, were cured at room temper-
ature for 1 h and stored at —80°C for further investigation. The preliminary data
showed that the degradation of daptomycin, vancomycin, and teicoplanin was
less than 1% after antibiotic-loaded cements were stored at —80°C for 3 months.
Hence, —80°C appeared to be the optimal temperature for the storage of anti-
biotic-loaded cement cylinders.

Antibiotic broth elution assay. Each cement cylinder was immersed in poly-
propylene tubes with 5 ml phosphate-buffered saline (PBS; pH 7.3) and shaken
in a rotator at 37°C. The study continued for 60 days, with the daily transfer of
the cement cylinder into a test tube with PBS after washing with saline. The
cumulative and daily antibiotic releases were measured, and 2-ml elution samples
of PBS were collected at 14 time points with a gradually expanding interval over
a period of 60 days (days 0, 1, 2, 3, 4, 5, 6, 7, 10, 14, 21, 28, 40, and 60) and
subsequently stored at —80°C until analysis.

The concentrations of antibiotics were determined using high-performance
liquid chromatography (HPLC). The chromatography assay was performed using
a model ALC 717 chromatograph (Waters Associates, Milford, MA) with a
stainless-steel column (RP18 column, 100 mm by 4.6 mm, 5-pm particle size for
vancomycin and daptomycin; C;g column, 250 mm by 4.6 mm, 5-wm particle size
for teicoplanin). The mobile phase consisted of water—acetonitrile-100 mM
ammonium formate (composite ratio, 78/12/10), acetonitrile-0.5% ammonium
phosphate (composite ratio, 34/66) and sodium dihydrogen phosphate—acetoni-
trile (composite ratio, 90/10) for vancomycin, daptomycin, and teicoplanin, re-
spectively. The HPLC system had sensitivities of 0.5 pg/ml for vancomycin, 0.5
pg/ml for daptomycin, and 0.25 pg/ml for teicoplanin. The concentrations of
antibiotics in the cement cylinders were obtained from the HPLC analysis
through comparisons made with the prepared daily standard curves where the
peak areas were correlated with antibiotic concentrations.

Bioassay of antibiotic activity. The biological activity of the released antibi-
otics was studied using the aliquots of the same samples with a modified micro-
tube dilution bioassay. The MSSA strain ATCC 25923, the MRSA strain ATCC
43300, and a laboratory-isolated VISA strain (vancomycin MIC = 4 pg/ml), were
selected as the test organisms.

The microtube dilution bioassay was modified from the standardized tube
dilution bioassay of the National Committee for Clinical Laboratory Standards,
1993. In brief, the samples were inoculated with tested bacteria of 10° CFU/ml
in 96-well culture dishes and incubated at 37°C for 24 h. Since daptomycin
required the presence of calcium (at 50 pg/ml for optimal activity), the test was
performed in solutions supplemented with calcium to 50 wg/ml (7). The growth
was assessed by comparing visibility with that of a positive control (without
antibiotic) and standard samples with different concentrations of antibiotics.

Statistical analysis. The antimicrobial concentration of elution samples from
the cements with different preparations at each time point were sampled and
tested in triplicate. The results were reported as means = standard errors of the
means. We used analysis of variance to determine the statistical differences in the
antibiotic release efficacy between cements loaded with daptomycin, vancomycin,
or teicoplanin. A P value of <0.01 was considered significant.

RESULTS

Based on the HPLC results, all tested samples showed a
burst release during the first day. The release rates rapidly
decreased during the next few days. A higher dose of antibiotic
in the cements provided a longer release duration (Fig. 1). In
the low-dose group (1 g antibiotic in 40 g PMMA), the speci-
mens released the antibiotics for 2 days, regardless of the
antibiotic loaded (Fig. 1A). In the middle-dose group (4 g
antibiotic in 40 g PMMA), specimens loaded with daptomycin
or vancomycin released the antibiotics for up to 21 days. The
specimen loaded with the same amount of teicoplanin released
teicoplanin for 40 days (Fig. 1B). In the high-dose group (8 g
antibiotic in 40 g PMMA), all of the specimens showed anti-
biotic release up to 60 days, regardless of the antibiotic loaded
(Fig. 1C).

During the 60-day study period, teicoplanin provided a sig-
nificantly better release efficacy (total amounts of teicoplanin
released, 306 * 17 pg in the low-dose group, 1,716 = 188 pg
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in the middle-dose group, and 13,699 = 621 pg in the high-
dose group) compared with vancomycin (total amounts of van-
comycin released, 176 £ 5 pg in the low-dose group, 1,052 =
152 pg in the middle-dose group, and 6,477 = 648 wg in the
high-dose group; P < 0.01) or daptomycin (total amounts of
daptomycin released, 186 = 7 pg in the low-dose group, 944 +
93 g in the middle-dose group, and 4,582 * 420 wg in the
high-dose group; P < 0.01). However, there was no significant
difference in the release efficacy between cement samples
loaded with vancomycin and daptomycin (P = 0.2).

With regard to the bioactivity against test organisms, all
tested organisms were susceptible (by MIC) to the three drugs.
The MICs of teicoplanin for MSSA was 0.125 pg/ml, followed
by vancomycin (0.5 pg/ml) and daptomycin (1 pg/ml). The
MICs for MRSA were 1 pwg/ml for daptomycin and 2 pg/ml for
vancomycin and teicoplanin. The MICs for VISA were 2 pg/ml
for daptomycin and 4 pg/ml for vancomycin and teicoplanin.

Daptomycin, vancomycin, and teicoplanin retained their an-
tibacterial effects after incorporation into PMMA. All test
specimens in the high-dose group exhibited antibacterial activ-
ities against MSSA, MRSA, and VISA throughout the 60-day
elution period, as determined by the microtube dilution assay
(Fig. 2). In the middle-dose group, the cements loaded with
daptomycin or vancomycin showed antibacterial effects against
MSSA for 21 days. At the same time, the cement loaded with
the same dose of teicoplanin provided a longer duration (40
days) of antibacterial effect against MSSA (Fig. 3A). For bio-
activities against MRSA, the antibacterial effects lasted for 14,
21, and 40 days in the cements loaded with daptomycin, van-
comycin, and teicoplanin, respectively (Fig. 3B). For antibac-
terial activities against VISA, the cements loaded with middle-
dose daptomycin or teicoplanin showed similar antibacterial
effects against MRSA. However, the bioactivity against VISA
lasted for only 5 days in the cement loaded with middle-dose
vancomycin (Fig. 3C). In the low-dose group, the antibacterial
effects did not last more than 2 days, regardless of the test
organism or the antibiotic loaded (Fig. 4). In addition, the
cement loaded with low-dose vancomycin provided only 1 day
of antibacterial activity against VISA (Fig. 4C).

DISCUSSION

Staphylococcus aureus is a Gram-positive pathogen with im-
portance in orthopedic infection. The increasing resistance of
S. aureus to antibiotics is a major concern in the treatment of
infections. There have been increasing warnings regarding the
apparent shift in vancomycin MICs, along with reported cases
of clinical failure with VISA strains (11, 19). It has been shown
that the time for MRSA bacteremia clearance is longer for
strains with vancomycin MICs of 2 pg/ml than for strains with
MICs of =1 pg/ml (15). Since there is uncertainty about the
likelihood of successful outcomes with vancomycin, newer
agents such as daptomycin, a bactericidal, broad-spectrum
anti-Gram-positive cyclic lipopeptide antibiotic, have been uti-
lized. Daptomycin provided better antibacterial activities
against S. aureus, especially against resistant types such as
MRSA or VISA, than vancomycin or teicoplanin (2). In the-
ory, daptomycin should provide antibacterial activity against S.
aureus superior to that of vancomycin or teicoplanin when it is
loaded into PMMA for local implantation. However, there is
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FIG. 1. Antibiotics released from the cement specimens in broth elution assay for 60 days. (A) Low-dose group; (B) middle-dose group;
(C) high-dose group. The data are presented as the absolute release of each antibiotic amount in each cement specimen per day. Values are
means *+ standard errors of the means for triplicate specimens for each group.

no report to compare the antibacterial activities of daptomycin,
vancomycin, and teicoplanin after they are loaded into PMMA.

Based on the results of this study, low-dose daptomycin
added to cement (1 g antibiotic in 40 g PMMA), which is the
dose frequently used as an infection prophylaxis in total joint
arthroplasty (5), did not show effects against either MSSA or
MRSA superior to those obtained with the same doses of
vancomycin or teicoplanin in cement. The cement loaded with
low-dose vancomycin provided a shorter period (1 day) of
antibacterial effect than cement loaded with teicoplanin or
daptomycin (2 days) against VISA. Low-dose teicoplanin and
daptomycin in cement used as prophylaxis for infection showed

similar antibacterial effects against S. aureus, regardless of
whether the strains were resistant.

It has been shown that at least 3.6 g of antibiotic per 40 g of
PMMA is desirable for effective elution kinetics and sustained
therapeutic levels of antibiotic for local implantations (17). We
selected the 4-g antibiotic dose (middle dose) as another test
dose in this study. In the middle-dose group, teicoplanin pro-
vided a 40-day antibacterial effect against MSSA and MRSA,
compared with 21-day antibacterial effects of cement loaded
with the same dose of vancomycin or daptomycin. Against
VISA, the cement loaded with middle-dose teicoplanin and
daptomycin provided 21-day and 14-day antibacterial activities,



VoL. 55, 2011

Daptomycin N RN 3
Vancomycin
Teicoplanin ’ 4 . AN )
89400 (PMMA) 7770 14 21 28 40 60
Time(Days)
Daptomycin [
Vancomycin
Teicoplanin NS & \
8g/40g (PMMA) 6 7 10 14 21 28 40 60
Time(Days)

Daptomycin !
Vancomycin |

Teicoplanin
8g/40g (PMMA)

7 10 14 21 2840 60
Time(Days)

FIG. 2. Antibacterial activities of broth elution samples from ce-
ments loaded with high-dose antibiotic (8 g antibiotic in 40 g PMMA)
in a 60-day elution period. The figure shows the inhibition of MSSA
(A), MRSA (B), and VISA (C) in a microtube dilution bioassay.

respectively. The cement loaded with middle-dose vancomycin
provided only a 5-day antibacterial effect. Hence, it can be
speculated that 4 g of vancomycin in 40 g PMMA may not be
sufficient for the treatment of osteomyelitis with VISA infec-
tion. In the high-dose group (8 g of antibiotic, the highest dose
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FIG. 3. Antibacterial activities of broth elution samples from ce-
ments loaded with middle-dose antibiotic (4 g antibiotic in 40 g
PMMA) in a 60-day elution period. The figure shows the inhibition of
MSSA (A), MRSA (B), and VISA (C) in a microtube dilution
bioassay.

ANTIBIOTIC-LOADED PMMA CEMENTS AGAINST S. AUREUS 5483

A MSSA

Daptomycin

Vancomycin {

Teicoplanin
1g/40g (PMMA) 3 4

10 14 21 28 40 60

5 6 7
Time(Days)

B

Daptomycin [

Vancomycin

Teicoplanin
19/40g(PMMA) o 4

4 5 6 7 10 14 21 28 40 60
Time(Days)

Daptomycin

Vancomycin

Teicoplanin
1g/40g (PMMA)

01 2 3 45
Time(Days)

67101421284060

FIG. 4. Antibacterial activities of broth elution samples from ce-
ments loaded with low-dose antibiotic (1 g antibiotic in 40 g PMMA)
in a 60-day elution period. The figure shows the inhibition of MSSA
(A), MRSA (B), and VISA (C) in a microtube dilution bioassay.

which can be loaded into 40 g of PMMA without disrupting the
polymerization of cement), all of the cement specimens
showed 60-day antibacterial activities against MSSA, MRSA,
or VISA, regardless of the antibiotic.

Our results did not show that daptomycin had antibacterial
effects against MSSA or MRSA superior to those of vancomy-
cin or teicoplanin in PMMA. In contrast, teicoplanin-loaded
cement provided equal (low-dose and high-dose groups) or
even better (middle-dose group) antibacterial effects against S.
aureus, regardless of whether the strains were resistant strains,
compared with daptomycin-loaded cement.

The superior antibacterial effects of teicoplanin-loaded ce-
ment could be caused by a antibiotic release efficacy better that
that of cement loaded with daptomycin or vancomycin. The
antibiotic-loaded cement can achieve extremely high local con-
centrations of antibiotics, compared with the parenteral route
(12). The superior antibacterial effects of daptomycin could be
counteracted by a better antibiotic release efficacy of teicopla-
nin-loaded cement, which can achieve an extremely high local
concentration. Daptomycin has superior antibacterial effects
similar to those of vancomycin or teicoplanin after systemic
administration in most situations (2). However, for antibiotic
in cement, the superiority of daptomycin above vancomycin or
teicoplanin was not observed in this study. When these antibi-
otics are used in cement, the release efficacy is the critical point
which should be used to determine antibacterial activities.

To date, the exact mechanism by which antibiotics are re-
leased from PMMA is unclear. Many factors are known to
affect the elution profiles, including the type of cement used,
the choice and amount of antibiotics added, and the method of
preparing the PMMA beads or spacers (13). These factors
contribute to the porosity of cements. The porosity of antibi-
otic-loaded cements has been reported to play an important
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role in the release of antibiotics from the cement (17). We
tried to compare the difference of porosities between the ce-
ment specimens loaded with different antibiotics in this study.
After the specimens were polished with a grinder polisher, we
inspected the porosity of the cements loaded with different
antibiotics with a reflected-light microscope. We could not find
any difference in size or the number of pores between the
different samples (data not shown). Therefore, we were not
able to determine the exact mechanism which contributed to
the differences in release efficacy between the cements loaded
with daptomycin, vancomycin, and teicoplanin.

Daptomycin (18), vancomycin (14), and teicoplanin (20)
have been shown to be useful for the local treatment of drug-
resistant S. aureus strains which cause osteomyelitis. In the
literature to date, there is no comparative study determining
the superiority of daptomycin, vancomycin, or teicoplanin in-
corporated into PMMA. This is the first study to compare the
efficacy of these three antibiotics in PMMA, and the results
showed that teicoplanin was the most effective. At the same
time, in the high-dose group (8 g antibiotic in 40 g PMMA), all
of the cement specimens retained antibacterial activities for up
to 60 days at 37°C. All the tested antibiotics not only were
stable under high temperatures of PMMA polymerization but
also retained bioactivity after exposure to body temperature
(37°C) for up to 60 days.

Our study has certain limitations. First, this is an in vitro
study of specimens prepared in a laboratory environment,
which does not necessarily reflect actual clinical circumstances.
The quantity and flow of body fluid, limb mobility, host re-
sponse, and antibiotic stability in vivo were not taken into
consideration. Second, only one type of bone cement and
method of preparation was used. Third, only resistant or non-
resistant strains of S. aureus were selected as test organisms in
the experiment. We do not know the bioactivities of specimens
against other organisms, especially biofilm-forming organisms.
Even though teicoplanin has been widely distributed in the
majority of European and Asian countries, it is still not avail-
able in North America, including the U.S. and Canada. Since
the specimens in this study were all prepared and tested in a
uniform and reproducible manner, these results should pro-
vide useful information.

In conclusion, teicoplanin, daptomycin, and vancomycin all
retained antibacterial activities after they were loaded into
PMMA. The teicoplanin-loaded cement provided equal or
even better antibacterial activity against MSSA, MRSA, and
VISA strains compared with cements loaded with daptomycin
or vancomycin in an in vitro assay. Teicoplanin was the better
choice for the treatment of S. aureus infection with antibiotic-
loaded PMMA cements, compared with daptomycin or vanco-
mycin.
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