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Introduction 

Bone cement is used in orthopaedic surgery to achieve fixation of joint prostheses to bone.
1
 

Antibiotics released from bone cement can effectively kill bacteria and hence antibiotic-

loaded bone cement is used as a measure against prosthesis-related infections.
2
 The release 

profile of antibiotics from bone cements follows a typical curve. A high initial release rate 

allows high initial concentrations, particularly in close contact with the bone cement.
3,4

 

Subsequently the release rate declines sharply, and a low long-term release follows.
5-7

 

Despite the fact that the release of antibiotics continues for a long time, for practical purposes 

it can be considered to be incomplete. After years of implantation it has been shown, that 

over 80% of the antibiotic incorporated initially is still present isolated in the bone cement.
8,9

 

 

These release characteristics are not ideal for optimal bacterial killing by gentamicin, 

as this requires a high peak concentration delivered once per day.
10-12

 Although higher kill 

rates of staphylococci can be achieved using progressively higher gentamicin concentrations, 

this effect is only found in the first hour after antibiotic exposure.
13

 Extended presence of 

antibiotics, as a result of the release characteristics described above, has not been shown to be 

as effective as the initial release and has even been implicated in development of 

antimicrobial resistance among bacteria.
14,15

  

 

Low-frequency ultrasound has been implied in targeting or controlling drug release.
16

 

Furthermore, ultrasound has been documented to more efficiently allow drugs to cross 

barriers such as the skin and the cornea, which are otherwise nearly impermeable.
17,18

 Low-

frequency ultrasound is also known to enhance the effectiveness of gentamicin against 

bacteria.
19

 This is suggested to be due to a destabilization of bacterial membranes.
20

 

Ultrasound has already found wide application in the medical diagnostic and 

physiotherapeutic fields and is considered to be safe.
21

 In this study we aim to establish the 

effect of the application of low intensity low-frequency ultrasound on the release of 

antibiotics from bone cement. Of particular interest was the possibility of accessing 

antibiotics otherwise remaining isolated in the bone cement. 
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Materials and methods 

Bone cement samples 

The following bone cements were used in this study: CMW 1 Radiopaque G, containing 1.7 

w/w% gentamicin base (DePuy CMW, United Kingdom), Palacos R-G containing 0.84 

w/w% gentamicin base (Schering-Plough, The Netherlands), Palamed G, containing 0.86 

w/w% gentamicin base (Ortomed, The Netherlands). All were kindly donated by the 

respective distributors.  

 

Mixing of the liquid monomer and granular powder was performed manually with a 

spatula in a ceramic bowl at ambient temperature and under atmospheric pressure. At the 

time specified for start of application of the bone cement, as stated in the respective manuals, 

the still doughy bone cement was spread over a polytetrafluoroethylene (PTFE) mould. After 

application of the bone cement, 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, after which they were left in place for at least 24 h. Cylindrical samples with a 

diameter of 6 mm and a height of 3 mm could be removed from the mould by gentle pressure. 

 

Part of the bone cement samples were submersed in phosphate buffered saline (PBS, 

NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l; pH 7.0) for three weeks with refreshment 

of the PBS twice a week. During this time the bottles with submersed samples were placed in 

a Gyrotory
®

 Water Bath Shaker at 37°C (Model G 76, New Brunswick Scientific Co. Inc., 

U.S.A.). This was intended to simulate the situation where bone cement would have been 

implanted for some time. Between refreshments there was on average 50 ml of PBS per 

sample block. This prevented the build-up of a high concentration of gentamicin that could 

limit further release. These samples will be referred to as post-elution samples.  

Insonation device 

The following insonation set-up was developed for these experiments. A 46.5 kHz sinus 

signal produced by a function generator (3314A, Hewlett Packard, U.S.A.) was amplified by 

a custom-built multichannel amplifier. The amplified signal was sent to a 46.5 kHz 

transducer (0995/000 massager, Morgan Electro Ceramics, United Kingdom) encased in a 
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watertight housing. Voltages during insonation were monitored on a digital oscilloscope (PM 

3394, Philips, The Netherlands). The transducer was suspended in a container filled with 

degassed, demineralized water (Figure 6-1). Degassing was performed by exposure of the 

water to a 10 mm Hg vacuum for 18 h prior to insonation. The dimensions of the container 

were chosen so that reverberation was prevented. To the same end a 10 mm thick rubber slab, 

covering the wall into which the ultrasound beam was directed, was used as an attenuator. 

Measurements with an active hydrophone (MK II, Medisonics, United Kingdom) indicated 

that the ultrasound field had an acoustic intensity of 500 mW/cm
2
 at the position of the 

sample in the test tube. The continuous signal was switched between 3 transducers so that 

each transducer had a 1:3 duty cycle with an on time of 2 ms. The time average acoustic 

intensity was 167 mW/cm
2
. 

 

Figure 6-1. Ultrasound set-up, showing the transducer in its housing and the test tube. The container can be filled 

with degassed water. The screws on the top of the rig allow changing the distance between the transducer and 

the sample in order to adjust ultrasound intensity at the sample. 
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Release conditions 

Fresh bone cement samples were put in test tubes with 12 ml PBS. Post-elution samples were 

put in the minimum workable amount of 1.5 ml PBS, in order to achieve gentamicin 

concentrations above the measurement threshold. The test tubes (PS-tube 16.0/152mm 

Greiner Bio-one, Germany) used were made of polystyrene and had shown smaller 

absorption and reflection of the ultrasound used than standard glass test tubes. One sample of 

fresh and post-elution bone cement was insonated for 18 h, while another sample of each type 

was left in the same room without insonation as a control. Prior to start of the insonation, the 

acoustic output was measured by the hydrophone and the distance between the test tube and 

the transducer was changed to set the peak acoustic intensity to 500 mW/cm
2
. Furthermore, 

the ambient temperature and the temperature of the water in the containers were recorded 

prior to and after the insonation. The elution fluid was appropriately diluted and the 

gentamicin concentration was measured with a fluorescence polarization immuno-assay. 

(AxSYM, Abbott Laboratories, U.S.A.) The gentamicin concentration was multiplied with 

the elution volume to obtain the total amount of gentamicin released over 18 h. For each bone 

cement the insonation and control groups were directly compared using a two-tailed 

Student’s t-test for independent samples. All experiments were performed at ambient 

temperature and in 9-fold. No increase in temperature was measured in the water bath due to 

the applied ultrasound. The same batches of bone cement were used for each repeat study.  

 

Furthermore, the results from fresh bone cements were pooled and used to construct a 

linear regression model using the software package Statistical Package for Social Sciences 

(SPSS 10 for Windows, SPSS Inc., U.S.A.). This allows a more general statement regarding 

the ultrasound effect on gentamicin release from all three bone cements. The dependent 

variable was the amount of gentamicin eluted from a sample in 18 h. As independent 

variables the insonation status (off = 0, on = 1), the average bath temperature (°C), the bone 

cement type (coded in two dummy variables: for CMW 1 Radiopaque G both dummies were 

0, for Palacos R-G dummy 1 was 1 and dummy 2 was 0 and for Palamed G dummy 1 was 0 

and dummy 2 was 1) and the interactions between the dummy variables and insonation status 

were entered. Subsequently, stepwise removal of variables that were not significant 

predictors was used and the smaller models were tested against the previous model. Finally, 

the normality and the spread of the residuals of the best model were verified. 
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Results 

The fresh bone cement samples showed that the average gentamicin release was higher in the 

insonated samples for all three bone cements, although none of these differences were 

statistically significant (Table 6-1). Palamed G showed the largest difference between the 

insonated and control samples, but the difference in CMW 1 Radiopaque G had a lower p-

value, likely due to the larger standard deviation in Palamed G. For the post-elution samples 

gentamicin concentrations occasionally dropped below the measurement threshold, despite 

the decreased volume in which the release was allowed to take place. Contrary to the results 

in the fresh samples, the averages of the amount of gentamicin released were not higher upon 

insonation in any of the three bone cements (Table 6-2). 

Table 6-1. Average amount of gentamicin released (µg / sample) from fresh samples for each bone cement with 

or without ultrasound and their standard deviations. Experiments were performed in 9-fold. The p-values for the 

difference in each bone cement from the two-tailed Student’s t-test are also given. 

Bone cement US off US on p-value 

 Average SD Average SD  

CMW 83.6 10.5 93.3 13.0 0.10 

PC 45.6 4.7 48.3 4.8 0.32 

PM 68.0 31.2 84.6 14.2 0.17 

CMW indicates CMW 1 Radiopaque G 

PC indicates Palacos R-G 

PM indicates Palamed G 

 

US off/on signifies the ultrasound insonation status. 

SD indicates standard deviation 

 

Table 6-2. Average amount of gentamicin released (µg / sample) from post-elution samples with smooth surfaces 

for each bone cement with or without ultrasound and their standard deviations. Experiments were performed in  

9-fold. The p-values for the difference in each bone cement from the two-tailed Student’s t-test are also given. 

Bone cement US off US on p-value 

 Average SD Average SD  

CMW 0.63 0.61 0.39 0.32 0.31 

PC 1.09 0.57 1.32 0.61 0.42 

PM 0.84 0.53 0.86 0.43 0.94 

The abbreviations used can be found in Table 6-1. 
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The best linear regression model showed a prediction of the results with an adjusted 

coefficient of determination (R
2
) of 0.81 and is summarized in Table 6-3. The insonation 

status and the average bath temperature were both significant predictor variables with 

positive coefficients, indicating that insonation or an ambient temperature rise resulted in 

increased release. Although dummy 2 was not significant it could not be removed from the 

model. Elimination of the dummy variables is necessarily combined and resulted in a poorer 

model. The assumption of normality and spread of the residuals in the final model was found 

to be satisfactory. 

Discussion 

In the present study, the influence of ultrasound on gentamicin release from bone cements 

was investigated. By means of a purpose-built insonation facility fresh or post-elution 

samples of three commercially available bone cements were insonated. The amount of 

gentamicin released under these conditions was compared with that of similar samples that 

were not insonated. Use of ultrasound with similar parameters as in the present study was 

found to be safe in in vivo experiments, although higher power levels gave rise to skin 

problems.
17,19

 

 

There was a striking trend of increased release upon insonation from fresh samples 

made of all three bone cements, although there were no statistically significant differences 

when directly comparing the insonated and non-insonated groups (Table 6-1). This trend was 

substantiated by the construction of a valid linear regression model in which the effect of 

Table 6-3. Linear regression model for the effect of ultrasound on antibiotic release from fresh samples. 

Regression coefficients are given under B with their standard errors (SE). Dummies 1 and 2 were used to code 

the type of bone cement (0,0 is CMW; 1,0 is PC and 0,1 is PM). The significance of each predictor is also shown. 

Predictor variables Regression coefficients Significance 

 B SE  

Constant 29.1 16.7 0.090 

Insonation status 7.5 3.2 0.026 

Average bath temperature 2.6 0.75 0.002 

Dummy 1 - 44.2 3.7 < 0.001 

Dummy 2 - 5.5 4.0 0.171 

SE indicates standard error 

Further abbreviations used can be found in Table 6-1. 
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ultrasound had a positive coefficient and was significant with a p-value of 0.026 (Table 6-3). 

Combining the results from all bone cements allowed this linear regression model. Such an 

analysis allows more precise examination of all factors leading to the result. In this method 

part of the variation between the samples is ascribed to factors other than the factor 

ultrasound, while at the same time the predictive effect of ultrasound gains confidence. The 

linear regression model clearly indicated that ultrasound promoted the release of gentamicin 

from bone cement in general. The moderately higher amount of gentamicin released due to 

ultrasound could result in substantially higher concentrations if it is released in a small 

volume, such as in a prosthesis-related interfacial gap.
4
 

 

The amount of gentamicin released in 18 h from post-elution bone cement, that had 

been allowed to release gentamicin for three weeks, was only a fraction of that released from 

fresh bone cements (cf. Tables 6-1 and 6-2). This is in line with earlier experiments that 

indicated that the long-term release is far below the initial burst release.
5-7

 Exploration of the 

ultrasound effect on gentamicin release from samples that have been allowed to release 

gentamicin for several hours or days, could reveal a breakpoint in time after which ultrasound 

effects are no longer significant. 

 

The mechanism of improved release of gentamicin from bone cements due to 

ultrasound remains unclear. Micro-streaming due to stable cavitation caused by high and low 

pressure areas in a fluid could enhance solute transport and may be of influence.
22

 On the 

other hand, it is interesting to note that the effect of a rise in temperature of 1°C would result 

in an increase of gentamicin release of 2.6 µg according to the model, while the effect of 

insonation would be an increase of 7.5 µg (coefficients under B in Table 6-3). Hence, a 

temperature rise of 3°C at the sample would theoretically result in a similar increase in 

gentamicin release as caused by ultrasound. Although ultrasound did not result in a 

measurable increase in the temperature of the water bath, a temperature rise of a few °C at the 

sample site cannot be excluded. Exploration of ultrasound parameters, like the frequency 

used and the total energy transmitted, whilst measuring the local temperature at the sample 

could further elucidate the mechanism of increased release and may lead to optimization of 

the ultrasound effect. 
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Biomaterial-related infections pose a threat to future use of biomaterials.
23

 Both the 

recognition of the importance of biofilms in biomaterial-related infections and the current 

emergence of bacterial resistance to antibiotics have increased this threat.
24,25

 This has 

spurred an increased interest in physical methods that can affect bacterial adhesion, growth 

and can even disrupt established biofilms. Examples are positively charged surfaces,
26

 

coatings with poly(ethylene oxide) brushes,
27

 bubble-induced detachment of bacteria,
28

 bio-

electric,
29

 bio-magnetic
30

 and bio-acoustic
31

 effects. The latter refers to low intensity low-

frequency ultrasound that can reduce bacterial biofilm growth in conjunction with 

gentamicin.
19,20

 

 

In conclusion, this study shows that there is an increased release of gentamicin from 

fresh gentamicin-loaded bone cement under influence of low intensity low-frequency (46.5 

kHz) ultrasound. An ultrasound effect could not be found in post-elution samples. The 

mechanism behind the improved release from fresh samples is suggested to involve micro-

streaming or localized temperature rises. In combination with the bio-acoustic effect, these 

findings might be valuable for clinical orthopaedics.  
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