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Introduction 

Acrylic bone cements are used for the permanent fixation of orthopedic prostheses. 

Buchholz and Engelbrecht were in 1970 the first to incorporate an antibiotic in 

acrylic bone cement to achieve high local antibiotic concentrations around an 

orthopedic implant.2 Local drug delivery yields higher antibiotic concentrations than 

can be safely achieved with systemic application of antibiotic without systemic side 

effects.17 In Europe gentamicin-loaded bone cement has been widely used for 

more than 30 years, whereas in the United States FDA approval for commercial 

preparations of antibiotic-loaded bone cement for local drug delivery has been 

difficult to obtain. As a result, the use of antibiotic-loaded bone cement in the 

United States has required hand mixing by surgeons, with the resultant dosages 

and types of antibiotic used being extremely variable. Recently, the FDA has 

approved some commercially prepared antibiotic-loaded bone cement for the 

second stage of a revision after infection has cleared. The effectiveness of 

antibiotic-loaded bone cement in primary and revision arthroplasties has been 

shown in several studies3,5 for over 30 years. Gentamicin is the most frequently 

used antibiotic for loading bone cement, since it has got a broad antimicrobial 

spectrum and it can withstand the high temperatures reached during 

polymerization of the bone cement.  

Although gentamicin-loaded bone cement has been used for decades, its antibiotic 

release is not very effective as only 15% of the total amount of antibiotic 

incorporated is released,7,19 while furthermore release is poorly controlled and 

often confined to a high initial release burst followed by an extremely low release, 

lingering on for several weeks. Antibiotic release from bone cements has even 

been reported years after implantation.16 This long-lasting, low antibiotic release is 

not considered therapeutically effective, and more importantly, has been 

associated with the development of gentamicin-resistant bacteria,1,12 which has 

been recognized as an emerging clinical problem.18 One study reported that nearly 

50% of the staphylococci found in prosthesis infections are gentamicin-resistant.11 

Occurrence of gentamicin-resistant bacterial strains in prosthesis-related infections 
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has led to development of antibiotic-loaded bone cements where gentamicin is 

combined with a second antibiotic.9,14,20 A combination of antibiotics is not only 

expected to broaden the antimicrobial spectrum of the cement, but also to reduce 

the occurrence of antibiotic resistance.10 Copal is a new, commercially available 

bone cement in Europe designed for revision cases with a similar polymer matrix 

than Palacos R-G bone cement, which was FDA approved in 2003. Copal contains 

twice the amount of gentamicin incorporated in Palacos R-G and has clindamycin 

added. It has been suggested that a combination of gentamicin with clindamycin 

would act synergistically and kill more than 90% of the bacterial strains involved in 

common prosthesis-related infections.8   

Therefore it was the objective of this in vitro study to compare Palacos R-G and 

Copal bone cement in antibiotic release, antimicrobial efficacy, and biofilm 

formation (visualization and plate counting) with clinical isolates.   

 

Materials and methods 

Antibiotic-loaded bone cements 

Commercially available antibiotic-loaded Copal bone cement (Biomet Merck, 

Darmstadt, Germany) containing 1.62 w/w% gentamicin base and 1.62 w/w% 

clindamycin base, Palacos R-G (Schering-Plough, Maarssen, The Netherlands) 

containing 0.84 w/w% gentamicin base were used in all experiments in this study. 

Palacos R (Schering-Plough, Maarssen, The Netherlands) containing no 

antibiotics, was included as control for studying biofilm formation on bone cement. 

The detailed compositions of both antibiotic-loaded bone cements are given in 

Table 1. Mixing and preparation of the bone cement samples was done under 

sterile conditions according to the manufacturers’ instructions. The doughy bone 

cement was spread in a polytetrafluoroethylene (PTFE) mould, after which the 

mould was compressed between two glass plates, covered with copier overhead 

film (MC 110, Océ, The Netherlands) to facilitate removal after hardening.   
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Table 1. Detailed composition of Palacos R-G and Copal bone cement, as given by the 
manufacturers. * Chlorophyllcopper complex E 141; # amount not quantified. 
 
Components Palacos R-G Copal 

POWDER 

Gentamicin sulphate 

Clindamycin hydrochloride 

Methylmethacrylate 

Benzoylperoxide 

Zirconiumdioxide 

Chlorophyl  

40.8 g 

0.84 g (= 0.5 g gentamicin) 

- 

33.8 g 

0.2 g 

6.0 g 

0.008 g 

42.85 g 

1.67 g (= 1 g gentamicin) 

1.18 g (= 1 g clindamycin) 

35.41 g 

0.32 g 

4.27 g 

* 

LIQUID 

Methylmethacrylate  

N,N-dimethyl-p-toluidine  

Chlorophyl  

Hydroquinone 

 

18.4 g 

0.4 g 

0.005 g 

- 

 

18.4 g 

0.38 g 

* 

# 

 

 

The glass plates were manually compressed up to the time specified for final 

hardening, and left in place for at least 24 h. This resulted in cylindrical bone 

cement samples of 1.13 cm2 with a diameter of 6 mm and a height of 3 mm.   

 

Antibiotic release 

Three samples of each Palacos R-G and Copal bone cement were immersed in 20 

ml phosphate buffered saline (PBS, NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 

g/l; pH 7.0) at 37 °C. At designated times (6, 24, 72, 168, 336, 504, 672 h), 0.5 ml 

aliquots were taken and the gentamicin concentration in these aliquots was 

measured by fluorescence polarization immuno-assay (AxSYM, Abbott 

Laboratories, USA). The clindamycin concentration, as only released from Copal 

bone cement, was determined by High Performance Liquid Chromatography 

(HPLC).   
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Antimicrobial efficacy 

In order to determine the antimicrobial efficacy over time, in terms of antimicrobial 

inhibition, bone cement samples were immersed in 20 ml PBS and 2 samples of 

each bone cement were removed in the same time intervals used for antibiotic 

release (6, 24, 72, 168, 336, 504 and 672 h). After removal, the samples were air 

dried and pressed firmly in the center of a Tryptone Soya Broth (TSB, Oxoid 

Basingstoke, United Kingdom) agar plate inoculated with a gentamicin-sensitive 

Staphylococcus aureus 7323 (MIC gentamicin = 1.5 μg/ml, clindamycin 0.25 μg/ml) 

or a gentamicin-resistant CNS 5277 (MIC gentamicin > 256 μg/ml, clindamycin 

0.032 μg/ml).  Both strains were clinical isolates retrieved from infected joint 

prostheses and cultured from cryo preservative beads (Protect Technical Service 

Consultants Ltd., United Kingdom) onto blood agar plates at 37 °C in ambient air 

for 24 h, after which the cultures were suspended in NaCl 0.9 % to a concentration 

of 108 bacteria/ml. This suspension was used to inoculate TSB agar plates. Bone 

cement samples were placed 10 min after inoculation, after which the plates were 

incubated aerobically at 37 °C. Zones of inhibition around the samples were 

measured after overnight incubation and considered as the clear area around a 

sample in which bacteria were not able to grow. The diameter of each zone was 

measured in three directions and the mean zone of inhibition was calculated, larger 

diameters indicating a higher sensitivity. Sensitivity was recorded if a zone of 

inhibition of at least 3 mm was present around a sample. When over time no zone 

of inhibition was recorded anymore antibiotic release was too low to cause 

inhibition.  

 

Biofilm formation 

Peparation of biofilm 

One colony of each strain was taken from a blood agar plate to inoculate a pre-

culture in 10 ml TSB, which was aerobically grown at 37 °C for 24 h. Then, 100 μl 
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of this pre-culture was used to inoculate 10 ml TSB. A bone cement sample of 

either Palacos R, Palacos R-G or Copal bone cement was placed into the TSB to 

allow biofilm formation on the cement samples. Biofilms were evaluated after 1 or 7 

days, while in the case of 7 days 10 ml of TSB was refreshed every two days to 

provide sufficient nutrients.  

 

Bacterial counts 

In order to count the number of viable bacteria in the biofilms, bone cement 

samples were taken out of the TSB after the appropriate times and placed in a test 

tube with 2 ml of NaCl 0.9% solution. The test tube was vortexed for 10 s and 

placed in an ultrasonic bath for 60 s to remove the biofilm. The NaCl solution with 

bacteria was subsequently serial diluted and 100 μl of these dilutions were plated 

on TSB agar plates and incubated for 24 to 48 h, after which the number of 

bacteria were counted. This experiment was performed in threefold with different 

pre-cultures. 

 

Confocal scanning laser microscopy 

In order to analyze the biofilms by confocal scanning laser microscope (CSLM), 

one sample of each group was taken out of the TSB and stained with 5 µl 

calcofluor white (0.1 mM i fluorescent blue), a polysaccharide-binding dye, used to 

visualize the extracellular polymeric substance (EPS). In addition, biofilms were 

stained with 5 μl of LIVE/DEAD Baclight viability stain (Molecular Probes Europe 

BV, Leiden, The Netherlands) containing SYTO 9 dye (3.34 mM i fluorescent 

green) and propidium iodide (20 mM i fluorescent red) to differentiate between 

living and dead   bacteria.15 The background, bone cement and remaining TSB 

remained virtually non-fluorescent after staining.  

Confocal images were collected using a Leica TCS-SP2 CSLM (Leica 

Microsystems Heidelberg GmbH, Heidelberg, Germany) with beam path settings 

for FITC-, TRITC and DAPI labels. A cross-section of the biofilm was collected with 
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a 40x objective lens, collecting stacks of around 20 images per sample, each taken 

at a different distance from the cement surface. Each image was constructed from 

three recordings of the different stain colors (fluorescent green, red and blue). The 

total number of pixels per optical section contributing to the signal of choice (live, 

dead, EPS-producing) was determined as a function of the distance away from the 

cement surface after thresholding and expressed as a percentage of colored pixels 

per image. This resulted in graphs showing the qualitative distribution of EPS and 

the live and dead bacteria as a function of the distance away from the bone cement 

surface over the entire thickness of the biofilm.  

 

Statistics 

For comparison of antibiotic release and plate counting of biofilm bacteria, the 

Student’s t-test for independent samples was used. A 95% (p <  0.05, two-tailed) 

confidence interval was applied for statistical significance. 
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Figure 1. Cumulative gentamicin and clindamycin concentrations in 20 ml phosphate buffered 
saline as a function of time after release from Palacos R-G (open symbols) and Copal bone cement 
(closed symbols). Triangles denote gentamicin release, while squares indicate clindamycin release. 
Error bars denote the average standard deviation over three experiments performed per group.  
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Results 

Antibiotic release 

Figure 1 shows that the cumulative antibiotic release after 672 h from Copal bone 

cement of gentamicin (731.1 μg/cm2) and clindamycin (1176.7 μg/cm2) is much 

higher than the total gentamicin release from Palacos R-G (40.4 μg/cm2). At all 

times, gentamicin release from Copal is significantly (p = 0.03) higher than from 

Palacos R-G. After 6 h, gentamicin release from Copal is 4.6-fold higher, and after 

672 h gentamicin release is 18.1-fold higher. For Copal, 65.1% of the clindamycin 

incorporated and 40.5% of the gentamicin incorporated have been released after 

672 h, whereas for Palacos R-G only 4.4% of the gentamicin incorporated has 

been released. Besides differences in the cumulative amount of antibiotic release 

also differences in the kinetics of antibiotic release can be seen. Gentamicin 

release rates in both cements are highest in the first 6 h (8.3 μg/cm2 per h for 

Palacos R-G, 29.3 μg/cm2 per h for Copal), unlike the clindamycin release rate for 

Copal which is the highest between 6 and 24 h (10.0 μg/cm2 per h). Gentamicin 

release reduces almost completely after the first 24 h for Palacos R-G, but 

antibiotic release from Copal still continues for at least 672 h.  
 

Table 2. Inhibition zones (mm) against a gentamicin-sensitive S. aureus and a gentamicin resistant 
CNS strain for Palacos R-G and Copal bone cement, at different times after elution. 

Time after elution (h) 6 24 72 168 336 504 672 

PALACOS R-G 

S. aureus 10 9 3 0 3 -a -a 

CNS 0 0 0 0 0 - a - a 

COPAL 

S. aureus 17 13 12 11 10 12 11 

CNS 25 23 25 17 17 18 15 

a not done 
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Antimicrobial efficacy 

Table 2 presents the zones of inhibition at different times after elution in 20 ml 

PBS, for Palacos R-G and Copal bone cements. Palacos R-G was initially effective 

in inhibiting growth of a gentamicin-sensitive S. aureus (6 h and 24 h), but after 72 

h of elution no inhibition was recorded anymore. In comparison, Copal yielded a 

stronger and more prolonged microbial inhibition for at least the duration of the 

experiment (672 h). Palacos R-G did not inhibit bacterial growth of a gentamicin-

resistant CNS. In contrast, Copal inhibited growth of the gentamicin-resistant CNS 

at all times after elution.  

 

Biofilm formation 

Bacterial counts 

The number of viable bacteria enumerated in 1- and 7-days biofilms on Palacos R, 

Palacos R-G and Copal are shown for S. aureus in Figure 2a, and for CNS in 

Figure 2b.  

For CNS (Figure 2b), the average number of viable bacteria after day 1 is the 

lowest on Palacos R-G (9.9 x 103 CFU/cm2) and Copal (20.6 x 103 CFU/cm2) 

followed on a distance by Palacos R (71.4 x 105 CFU/cm2), again on day 1 these 

differences proved not to be significant. On day 7, viable counts on Palacos R 

(52.7 x 106 CFU/cm2) and Palacos R-G (8.4 x 105 CFU/cm2) had significantly 

increased (p = 0.005 and p = 0.009, respectively), whereas the number of bacteria 

on Copal between day 1 and 7 had significantly (p = 0.0045) decreased to below 

detection. On day 1, the numbers of bacteria counted were reduced by 99.9% on 

Palacos R-G and by 99.7% on Copal when compared to the numbers of bacteria 

counted on Palacos R. On day 7, the numbers of bacteria counted on Palacos R-G 

were reduced by 98.4% for Palacos R-G and by 100% for Copal compared to the 

numbers of bacteria counted on Palacos R.  
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Figure 2a and 2b. Box plots of the number of viable bacteria in 1 (white boxes) and 7-days (grey 
boxes) old S. aureus biofilms (Figure 2a) and CNS biofilms (Figure 2b) on Palacos R (Pa), 
gentamicin-loaded Palacos R-G (PaG) and gentamicin- and clindamycin-loaded Copal (CO) bone 
cement. All experiments were performed in three-fold, with SD given by the error bars.  
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Confocal scanning laser microscopy 

Figure 3 (S. aureus) and Figure 4 (CNS) give examples of the cross-sectional 

build-up of the biofilms as a function of the distance from the cement surfaces. For 

both strains, biofilm formation after 1 day is more extensive for Palacos R than for 

Palacos R-G, while the S. aureus biofilms on these bone cements are thicker (> 

130 and 100 μm, respectively) than the CNS biofilms (27 and 28 μm, respectively). 

Bacterial growth on Palacos is apparent between day 1 and 7 with an increase in 

living bacteria, combined with an increase in thickness of the initially smaller CNS 

biofilm.  

On Palacos R-G, high numbers of dead organisms and EPS can be seen adjacent 

to the cement surface after day 1, extending further away from the surface after 

day 7. On Copal, the number of living bacteria for S. aureus and CNS and biofilm 

thickness is by far the lowest (13 and 12 μm, respectively). Note that in comparison 

with Palacos R, the number of living bacteria on Copal is greatly reduced.  

Examples of CSLM  images with the highest amount of living bacteria of S. aureus 

and CNS for Palacos R-G and Copal after day 7 are shown in Figure 5, as marked 

by arrows from the graphs of Figure 3 and 4. Note that the total differences in living 

bacteria between these bone cements are much larger than on one slide can be 

shown as the distribution of living bacteria for Palacos R-G is much broader 

throughout the biofilm as shown in Figure 3 and 4.  
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Palacos R day 7
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Palacos R-G day 1
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Palacos R-G day 7
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Copal day 1
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Figure 3. Distribution of live (open squares) and dead (closed squares) S. aureus and extracellular  
polymeric matrix (closed triangles), expressed as the percentage of colored pixels as a function of the 
distance from the bone cement surface, for Palacos R, Palacos R-G and Copal bone cement after 1 
(left panel) and 7 days (right panel). The arrows in the graphs indicate the optical sections selected for 
Figure 5.  
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Palacos R day 7
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Palacos R-G day 1

0

10

20

30

40

50

0 20 40 60 80 100 120 140

distance from bone cement surface (μm)i

%
 o

f c
ol

ou
re

d 
pi

xe
ls

 

Palacos R-G day 7
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Copal day 1
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Copal day 7
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Figure 4. Distribution of live (open squares) and dead (closed squares) CNS and extracellular 
polymeric matrix (closed triangles), expressed as the percentage of colored pixels as a function of 
the distance from the bone cement surface, for Palacos R, Palacos R-G and Copal bone cement 
after 1 (left panel) and 7 days (right panel). The arrows in the graphs indicate the optical sections 
selected for Figure 5.  
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Figure 5. Optical sections (158 x 158 μm) of 7-days old biofilms (S. aureus, top panels and CNS, 
bottom panels) on Palacos R-G (left panels) and Copal (right panels) bone cements with the 
highest amount of living bacteria as selected from Figure 3 and 4. LIVE/DEAD Baclight staining 
was used. The following slides are shown:  
(A) living bacteria of S. aureus on Palacos R-G 
(B) living bacteria of CNS on Palacos R-G  
(C) living bacteria of S. aureus on Copal 
(D) living bacteria of CNS on Copal 
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Discussion 

Two bone cements for use in revision surgery were compared in this study. Copal 

bone cement was recently introduced onto the European market for revision 

surgery, while Palacos R-G has been approved recently by the FDA (2003) for the 

second stage of a two-stage revision surgery after many years of widely use in 

Europe. Copal bone cement showed to have a much higher, and more prolonged, 

gentamicin release than Palacos R-G, next to its release of clindamycin. While 

incorporating a higher amount of gentamicin in the bone cement could result in a 

higher amount of release, incorporating a second antibiotic seems to result in 

higher efficiency of release.8 For Copal, this increased gentamicin release 

combined with release of clindamycin resulted in larger and more prolonged 

inhibition zones against a gentamicin-resistant CNS, while Palacos R-G appeared 

only effective against a gentamicin-sensitive S. aureus. This suggests that Copal 

could be effective against a broader microbial spectrum than Palacos R-G, but this 

should be tested on more clinical isolates for final confirmation.  

Copal showed a higher efficacy in the reduction of viable bacteria in the biofilm by 

reducing the number of bacteria for both strains to undetectable levels. In contrast, 

the number of bacteria on Palacos R-G increased between day 1 and 7. This 

indicates that biofilm growth seems only to be slowed down temporarily by initial 

high gentamicin release from gentamicin-releasing bone cements. This model may 

therefore explain why Josefsson et al. found a significantly lower infection rate 2 

and 5 years after surgery with the use of gentamicin-loaded bone cement, but no 

significant differences in infection rate 10 years after surgery4,5 compared to the 

use of plain bone cement in combination with prophylactic use of antibiotics. High 

initial gentamicin release may reduce infection in the first years after implantation, 

but the following low subsequent gentamicin release over years may not be able to 

protect against infection for longer durations. The lower bacterial counts of the 

gentamicin-resistant CNS found on Palacos R-G, compared to the counts on 

Palacos R could be explained by the fact that antibiotic concentrations achieved 
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with antibiotic-loaded bone cements can rise above 450 μg/ml,6 thereby exceeding 

the MIC value for gentamicin of a resistant strain (> 256 μg/ml).     

Copal showed to be highly effective in biofilm reduction to a level that none or only 

a few bacteria are visible by CLSM, while no living bacteria were counted. Despite 

this, an increased and heavy distribution of EPS can be seen after day 7 on Copal. 

As EPS production impedes the effect of an antibiotic by protecting the bacteria 

within the biofilm, it was suggested that this could be considered a survival 

mechanism against an antimicrobial attack, when previously EPS production 

increased on antibiotic-loaded bone cement for P. aeruginosa.13 More important, 

this study for the first time demonstrates effective killing of adhering bacteria 

adjacent to the cement surface (Palacos R-G, Figures 3 and 4), while the 

outermost layers of the biofilms remain viable. Systemic antibiotics predominantly 

attack a biomaterials-associated infection through the outermost layers of the 

biofilm, which is usually ineffective as bacteria continue to grow from the inner 

layers combined with an increased production of EPS. This constitutes the main 

reason why infected biomaterials implants nearly always have to be removed.  

In conclusion, this study shows that antibiotic release from bone cement surface 

kills adhering bacteria adjacent to the surface, and it shows that Copal is even 

more effective in biofilm reduction than Palacos R-G by a higher antibiotic release. 

Copal could therefore be more effective in the prevention and treatment of 

prosthesis-related infections in revision cases.  
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