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Introduction 

Bone cement is used to fixate joint prostheses in total hip and knee arthroplasties. 

Bone cements loaded with antibiotics decrease the infection rate by local release 

of antibiotic,16,28 particularly in joint prosthetic revision surgery,11 and are therefore 

frequently applied. High local antibiotic concentrations can thereby be achieved 

around the prosthesis and possible side-effects as arising from high systemic drug 

concentrations can be limited or avoided. Yet, biomaterial related infections cause 

failure of total hip and knee arthroplasties in 1% to 5% of the almost half a million 

surgeries annually performed worldwide.2,12 This is a major medical problem as 

biomaterial related infections are difficult to eradicate because of the biofilm mode 

of growth of the adhering bacteria. Herein, bacteria are embedded in an 

exopolymeric matrix which protects the infecting organisms against environmental 

attacks,7 such as by antibiotics. Bacteria in a biofilm are 100-1000 times more 

resistant to antibiotics then their planktonic counterparts.26 This explains why in 

most clinical cases, replacement of an infected prosthesis in a one- or two-stage 

surgical procedure is the only way to cure an infection, albeit with morbidity for the 

patient.  

Ultrasound has been extensively used in various medical applications, including 

medical diagnostic imaging and physiotherapeutic treatment8 and can be 

considered safe for use in patients. More important for the present study, 

ultrasound has previously been shown to be effective in enhancing antibiotic 

efficacy, an effect earlier defined as the “bioacoustic effect”,19 whereas ultrasound 

itself was proven not to influence bacterial viability.19,21 Ultrasound in a 1:3 duty 

cycle with a peak acoustic intensity of 500 mW/cm2 and a mean acoustic intensity 

of 167 mW/cm2, enhanced antibiotic efficacy against both planktonic1,18,21 and 

biofilm bacteria on polyethylene in vitro.10,17,19-21 Recently, in vivo studies have 

shown that ultrasound in combination with gentamicin was more effective in 

reducing bacterial viability of an Escherichia coli biofilm on both polyethylene and 

acrylic bone cements than the use of gentamicin alone.4,6,24 
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Ideally, in order to prevent biofilm infection of implants, an effective antibiotic 

concentration should be achieved around an implant immediately after surgery to 

eradicate bacteria present as a result of inevitable bacterial contamination during 

surgery. For joint prostheses, this can be done through the use of antibiotic-loaded 

bone cements. Therefore this in vitro study investigates whether pulsed ultrasound 

increases the antimicrobial efficacy of antibiotic-loaded bone cements against 

planktonic and biofilm bacteria of bacterial strains derived from patients with 

prosthesis-related infections. 

 

Materials and methods 

Antibiotic-loaded bone cements 

Commercially available Palacos R (Schering-Plough, Maarssen, The Netherlands) 

without antibiotic-loading, Palacos R-G (Schering-Plough, Maarssen, The 

Netherlands) containing 0.84 w/w% gentamicin base, and Copal (Biomet Merck, 

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

clindamycin base, were used in this study. 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. 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 samples with a diameter of 6 mm, a height of 3.2 mm and a total surface 

of 1.17 cm2 as used in all experiments.  

 

Ultrasound 

The ultrasound set-up used was described previously.9 A 46.5 kHz sinus signal 

produced by a function generator (3314A, Hewlett Packard, USA) was amplified by 
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a custom-built multi-channel amplifier and sent to a 46.5 kHz transducer (0995/000 

massager, Morgan Electro Ceramics, United Kingdom). The transducer was 

encased in a watertight housing that was suspended in a container filled with 

degassed, demineralized water. Voltages during the application of ultrasound were 

monitored on a digital oscilloscope (PM 3394, Philips, The Netherlands). The 

continuous signal was divided over 3 transducers in a 1:3 duty cycle of 2.00 ms 

resulting in an mean acoustic intensity of 167 mW/cm2. Prior to start of an 

experiment, the acoustic output was measured by an active hydrophone (MK II, 

Medisonics, United Kingdom), indicating a peak acoustic intensity of 500 mW/cm2 

at the sample position. 

 

Effect of ultrasound on bacterial growth  

Five bacterial strains were used in this study. Four bacterial strains 

(Staphylococcus aureus 7323, CNS 7368, gentamicin-resistant CNS 7391, and 

Pseudomonas aeruginosa 5148) were obtained from patients with infected hip 

arthroplasties and retrieved during revision surgery (Department of Orthopedic 

Surgery at the University Medical Center Groningen, The Netherlands). One 

bacterial strain (E. coli ATCC 10798) was included because it had been employed 

in previous experiments on the effects of ultrasound on antibiotic efficacy on biofilm 

formation on polyethylene4,23,24 and acrylic cements.6 The minimal inhibitory 

concentration (MIC) values of these five bacterial strains for gentamicin and 

clindamycin are listed in Table 1.   

The bacteria were aerobically cultured from cryopreservative beads (Protect 

Technical Service Consultants Ltd., United Kingdom) onto blood agar plates at 

37°C for 24 h. One colony from each plate was used to create a preculture in 10 ml 

of Tryptone Soya Broth (TSB) (Oxoid, Basingstoke, United Kingdom) under the 

same incubating conditions. 100 μl of this preculture was used to inoculate 6 x 2 ml 

of TSB in polystyrene test tubes (PS-tube 16.0/152 mm Greiner Bio-one, 

Germany). 
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Table 1.  Bacterial strains used in this study with their MIC-values against gentamicin and clindamycin. 

 

Two samples per type of bone cement (Palacos R, Palacos R-G and Copal) were 

used per experiment and were placed in each of the 6 test tubes. Three test tubes, 

one of each bone cement type, were placed in front of the ultrasound transducers 

in a water bath with degassed water. The samples were subjected to ultrasound for 

40 h at 37°C. The three remaining test tubes were placed as control samples not 

subjected to ultrasound in a water bath with degassed water in the same incubator.  

After the duration of an experiment, all 6 test tubes were removed to determine 

growth of planktonic bacteria in TSB and biofilm growth on the bone cement disks 

in the absence or presence of ultrasound. To this end, the bone cement disks were 

carefully removed from the test tubes and placed in test tubes filled with 2 ml 0.9% 

NaCl. The test tubes with TSB were vortexed for 10 s, while bone cement disks 

were vortexed for 10 s and subsequently ultrasonically treated for 60 s to remove 

the biofilm from the bone cement samples, after which all suspensions were 

serially diluted in 0.9% NaCl and plated on TSB agar using the spread plate 

method. Plates were incubated for 24 h at 37°C after which the number of colony 

forming units were counted and expressed relative to the surface area of the 

cement disks (CFU/cm2) for biofilm bacteria and expressed relative to the amount 

of TSB for planktonic bacteria (CFU/ml). Experiments were performed in three-fold 

per strain. Results obtained for Palacos R, the bone cement without antibiotic, 

were taken as a (negative) control. 

MIC value (μg/ml) Bacterial strain 

gentamicin clindamycin 

E. coli ATCC 10798  6 > 256 

S. aureus 7323  1.5 0.25 

CNS 7368 0.38 0.38 

CNS 7391  > 256 0.064 

P. aeruginosa 5148  2 > 256 
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In order to quantitatively express the results found in this study, two ratios were 

calculated per experiment. A so-called “antibiotic ratio” (AR), represents the effect 

of antibiotic release in the absence of ultrasound on bacterial viability compared to 

the bacterial viability in the absence of antibiotic release (on Palacos R) according 

to:    

 

Antibiotic ratio = ([Pa US -] – [PaG US -])/ [Pa US -]     (1) 
 

in which [Pa US-], [PaG US -] represent the numbers of viable bacteria counted in 

the absence of ultrasound on Palacos R (Pa) and Palacos R-G (PaG), 

respectively. For Copal [PaG US-] was replaced by [Co US-]. Ratios ≤ 0 were set 

0. This results in a number between 0 and 1, in which 1 represents 100% reduction 

in bacterial viability due to antibiotic release and 0 denotes no reduction in bacterial 

viability due to antibiotic release. 

A so-called “bioacoustic ratio” (BR) was also calculated, representing the effect of 

ultrasound according to  

 

Bioacoustic ratio = ([US -] – [US +])/ [US -]     (2) 

 

in which [US-] and [US+] represent the numbers of viable bacteria counted in the 

absence and presence of ultrasound, respectively. BR’s were calculated for 

Palacos R-G and Copal. Ratios ≤ 0 were set 0. This results in a number between 0 

and 1, in which 1 represents 100% increase in antibiotic efficacy due to ultrasound 

and 0 denotes no enhanced efficacy due to ultrasound. 

 
Statistics 
The Wilcoxon Signed Rank test for paired samples was used to compare antibiotic 

efficacy and enhanced antibiotic efficacy in the presence of ultrasound. Data for 

Palacos R-G and Copal were taken together. A 95% (p < 0.05, two-tailed) 

confidence interval was applied for statistical significance.  
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Results 

During bacterial growth in the presence of an antibiotic-releasing bone cement in 

combination with application of ultrasound, bacterial viability can be affected by 

ultrasound, antibiotic release and antibiotic release combined with ultrasound. 

Ultrasound did not significantly affect bacterial viability on plain Palacos R bone 

cement (p=0.233 for planktonic and p=0.124 for biofilm bacteria). Table 2 shows 

the effect of antibiotic release and the enhanced efficacy of the antibiotics due to 

application of ultrasound for both planktonic and biofilm bacteria.  

First, bacterial viability in general is greatly reduced by antibiotic release (AR). E. 

coli was fully eradicated most of the times (2 times planktonic, 5 times biofilm), and 

many others, like P. aeruginosa (1 time biofilm), were close to full eradication. 

However, gentamicin resistant CNS 7391 was not reduced to the same low level 

as the other strains, especially not when in a biofilm mode of growth. 

Second, antibiotic release combined with ultrasound (BR) additionally reduced 

bacterial viability for both planktonic as biofilm bacteria. Out of 51 experiments, 

bacterial viability was lower 45 times when antibiotic release was combined with 

ultrasound. Of the 6 times in which bacterial viability was higher, 5 experiments 

included the strain of P. aeruginosa, and one included planktonic CNS 7368. 

Except for these strains and E. coli (reduced number of experiments), application 

of ultrasound yielded a statistically significant enhancement of the antibiotic 

efficacy (see Table 2). Note that this enhancement existed despite the AR ration 

being 1 or close to 1.  

 

Discussion 

This study is the first to show that the application of ultrasound in combination with 

antibiotic release from bone cements yields enhanced antibiotic efficacy against 

clinical bacterial isolates in a planktonic and biofilm mode of growth. This is an 

important finding as biofilms formed on biomaterials-related infection are usually 

most difficult to treat. Biofilms increase antibiotic resistance compared to planktonic  
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Table 2. The number of planktonic (CFU/ml) and biofilm (CFU/cm2) bacteria on Palacos R bone 
cement, together with the AR (antibiotic) and BR (bioacoustic) ratios from Palacos R-G (PaG ) or 
Copal (Co). The P-value represents the outcome of the Wilcoxon Signed Rank test for paired 
samples in which the number of bacteria in the absence and presence of ultrasound is compared 
for PaG and Co. All differences between samples with and without antibiotic release were 
significant. All antibiotic ratio and bioacoustic ratio’s are averages of three independent 
experiments, except for the the bioacoustic ratio’s of E. coli and P. aeruginosa in case of full 
eradication by antibiotic release.  
 

Bacterial strain Planktonic data 

 CFU/ml ARPaG ARCo BRPaG BRCo   p 

E. coli ATCC 10798 1296 x 106 1.00 1.00 0.73 0.87 0.068 

S. aureus 7323  343 x 106 0.98 0.99 0.65 0.50 0.043 

CNS 7368 1320 x 103 0.97 0.98 0.35 0.57 0.027 

CNS 7391  337 x 106 0.93 0.82 0.59 0.90 0.028 

P. aeruginosa 5148 148 x 107 1.00 1.00 0.39 0.45 0.345 

 

 

Bacterial strain Biofilm data 

 CFU/cm2 ARPaG ARCo BRPaG BRc p 

E. coli ATCC 10798 472 x 105 1.00 1.00 0.56 1.00 0.317 

S. aureus 7323  6081 x 104 0.97 0.97 0.97 0.58 0.028 

CNS 7368 1712 x 103 0.97 0.97 0.35 0.57 0.249 

CNS 7391  1549 x 104 0.63 0 0.97 1.00 0.028 

P. aeruginosa 5148 1757 x 105 1.00 1.00 0 0.63 0.686 

 

bacteria.27 Previously it was hypothesized that ultrasound increases the transport 

of gentamicin across and within the biofilm, by which it presumably also increases 

the transport of oxygen and other small molecules which may increase the 

metabolic state and render cells more susceptible to the antibiotic.4 Thus higher 

gentamicin concentrations could be reached within the biofilm with application of 
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ultrasound. The fact that application of ultrasound also yields an enhanced 

antibiotic efficacy against planktonic bacteria, suggest that ultrasound also 

increases antibiotic transport into the cell. Ultrasound was also reported to increase 

antibiotic release for gentamicin-loaded bone cement beads, but only marginal for 

Palacos R-G.5 Data shown in the appendix of Chapter 3 showed that application of 

ultrasound onto Copal resulted in an increase of antibiotic release for both 

gentamicin and clindamycin with about 10% which may also lead to increased 

bacterial killing. 

Higher gentamicin release (Copal vs. Palacos R-G), or clindamycin release (Copal) 

seems to increase the effect of ultrasound, as, all groups in Table 2, except for S. 

aureus 7323, show a higher mean bioacoustic ratio for Copal than for  

Palacos R-G.  

Furthermore, Table 2 shows that the antibiotic ratio’s for the gentamicin-resistant 

CNS 7391 were lower than for other (gentamicin-sensitive) strains. This indicates 

that it is more difficult to decrease the bacterial viability of this strain by antibiotics. 

Yet, antibiotic release combined with ultrasound was effective, as shown by the 

high bioacoustic ratio’s for this strain (Table 2). This can be considered an 

important finding as gentamicin-resistant strains are emerging more and more in 

prosthesis-associated infections,13,25,29 with one study even reporting a gentamicin-

resistance of 50% of the staphylococci found in prosthetic infections.14 

Remarkably, ultrasound did not additionally reduce bacterial viability of P. 

aeruginosa. This might be explained by the known high extracellular polymeric 

substances (EPS) formation by P. aeruginosa, which was even suggested to 

increase with exposure to an antibiotic.15 Previously ultrasound was found to 

increase the antibiotic efficacy against P. aeruginosa in a planktonic state,18 but not 

in the biofilm mode of growth,4 despite the fact that ultrasound increased the 

amount of gentamicin in  the biofilm.3  Higher  acoustic intensities may be  required 

for P. aeruginosa to reach a bioacoustic effect comparable with other bacterial 

strains.4  
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In conclusion, this study shows that ultrasound increases the efficacy of antibiotics 

against clinical isolates from infected joint replacements both in a planktonic and 

biofilm mode of growth, except for a P. aeruginosa isolate. The enhanced efficacy 

against bacteria in the biofilm mode of growth is clinically most important with 

regard to the treatment of infected joint prostheses, especially as also enhanced 

antibiotic efficacy was found against a gentamicin-resistant strain. Ultrasound may 

also be applied combined with antibiotics in the early postoperative period to 

prevent infection, because planktonic bacteria present in the wound and wound 

area due to inevitable contamination during surgery3 can then be more effectively 

prevented to form a biofilm. 
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