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General introduction 

In modern medicine, biomaterials are increasingly used to support or restore 

human body function. Biomaterials can be defined as man-made materials 

designed to interact with living tissue or with a body fluid. Joint prostheses, 

prosthetic heart valves, catheters, and contact lenses can all be considered 

examples of successful applications of biomaterials. 

Biomaterials have led to great improvements in medicine, although usage of these 

materials carries the risk of contracting a biomaterial-associated infection. The 

biomaterial itself then has become the focus of infection. These infections are 

mainly caused by direct contamination during surgery, but they can also be caused 

by haematogenous spread of bacteria from an infection site somewhere else in the 

human body. The clinically important step of bacterial attachment to the surface of 

a biomaterial is then followed by aggregation of other bacteria and growing of the 

bacteria, resulting in biofilm formation. 

In a biofilm, bacteria are embedded in a protective exopolymeric matrix. This 

biofilm mode of growth results in an increased bacterial resistance against 

antimicrobial treatment compared to bacterial resistance of “regular” (planktonic) 

infections. The exact mechanisms resulting in increasing antibiotic resistance of 

bacteria in biofilms are not yet completely understood, although in recent years the 

concept of biofilm is more and more unveiled. Hypotheses include a slow or 

incomplete penetration of the antibiotic into the biofilm, an altered chemical 

microenvironment within the biofilm, and formation of bacterial sub-populations in a 

resistant phenotypic state.42   

The consequences of these biomaterial-associated infections can vary between 

malfunction of the biomaterials implant to lethal sepsis. Although application of 

biomaterials is one of the great improvements in modern medicine, occurrence of a 

biomaterial-associated infection can be considered a serious health problem which 

requires drastic measures to overcome.16 
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Biofilms in joint replacement surgery 

Musculoskeletal diseases are the most common causes of severe long-term pain 

and physical disability in people worldwide. Joint diseases account for half of all 

chronic conditions in people aged 60 and over. In people aged over 60 years of 

age some 25% have significant pain and disability from osteoarthritis, and these 

numbers increase for people aged over 65 years of age where osteoarthritis 

already accounts for half of all chronic conditions.51 Osteoarthritis is the most 

important indication for joint prosthesis surgery.  

Demographic developments will increase the impact of these joint diseases for 

society in the near future; the number of people over the age of 50 is expected to 

double between 1990 and 2020. In Europe by 2010, there will be even more 

people over 60 years than people less than 20 years of age. This will result in a 

huge escalation of total treatment costs of joint diseases.51 The above described 

importance of musculoskeletal disease in society was outlined by the United 

Nations by labeling the years 2000 to 2010 as “the Bone and Joint Decade”.  

The most commonly replaced joints are the hip and knee, respectively. In general 

these operations are very successful, both in terms of clinical outcome (high 

improvement in quality of life) as in terms of cost-effectiveness. Nevertheless, 

when biomaterials (polymers, metals or alloys, and ceramics for joint replacement 

surgery) are used, biomaterial-associated infections occur. These biomaterial-

associated infections cause failure of total hip- and knee arthroplasties in 1% to 5% 

of the almost half a million surgeries annually performed worldwide.3,26  

Although the infection percentages can be considered relatively low, the 

consequences for the patient are drastic; most authors recommend the total 

removal of an infected prosthesis in a two-stage revision surgery. These operations 

are accompanied by higher morbidity and reduced joint function. Average costs for 

treatment of an infected joint are estimated between $50,000 and $62,100.2,6,7,41 

Reduction of infections should therefore be an important goal in joint prosthesis 

surgery. 

 



Introduction 

 

 

5 

Antibiotic-loaded bone cement in joint replacement surgery 

Acrylic bone cements are used for the permanent fixation of joint prostheses, and 

they can also be obtained loaded with antibiotics for the prevention of infection, 

particularly in joint prosthesis revision surgery.25 It is assumed that loading bone 

cement with an antibiotic may decrease the infection rate by local release of 

antibiotic.29,49 Local drug delivery yields higher antibiotic concentrations than can 

be safely achieved with systemic application of antibiotic without systemic side 

effects.48 

Nevertheless, antibiotic release from bone cement is not ideal; antibiotic release 

over time is low, and its release pattern is not very effective in percentage of 

release; on average, only 15% of the antibiotic incorporated in currently applied 

bone cements is released.22,50 Main reason for this is that the most important 

requirement for load-bearing acrylic bone cement is not the efficiency of antibiotic 

release, but maintenance of its mechanical strength.  

Gentamicin-loaded acrylic beads constitute another application used in orthopedics 

and general surgery in which a biomaterial is used as a local drug delivery system 

for the treatment of bone and soft tissue infections. Acrylic beads serve as a non-

load-bearing spacer with a more efficient antibiotic release; gentamicin-loaded 

beads release up to 70% of their antibiotic content within 14 days after 

implantation.48  

Unfortunately, both for beads and bone cements, a sharp drop in release follows 

high initial release; the initial release burst of antibiotic release from bone cement 

occurs in the first 6-10 h.5,20,36 Subsequent release declines sharply, and a slow 

long-term release follows.19,45,47 It was hypothesized that the antibiotic release 

pattern of antibiotic-loaded bone cement is partially a surface phenomenon 

whereas the total amount of antibiotic released depends on bulk porosity.4  

Ideally, gentamicin-loaded beads and bone cements should present a higher total 

release with sustained high concentrations of antibiotic,44 especially because 

aminoglycosides, such as gentamicin, have a concentration dependent 

antibacterial activity.23  



Chapter 1 

 

 

6 

Research on prevention and treatment of biomaterial-associated infection 

Biomaterial-associated infections pose a threat to future (broader) use of 

biomaterials.40 Both the recognition of the importance of biofilms in biomaterial-

associated infections and the current emergence of bacterial resistance to 

antibiotics has increased this threat.12,24 This has spurred an increased interest in 

physical methods that can affect bacterial adhesion, growth and even disrupt 

established biofilms. Examples of this are studies on positively charged surfaces,15 

on coatings with poly(ethylene oxide) (PEO) brushes,46 on air-bubble induced 

detachment of adhering bacteria,14 on bio-electric,11 bio-magnetic27 and bio-

acoustic31 effects.  

 

Potentials of ultrasound for the treatment of biomaterial-associated infection 

The “bio-acoustic effect”33 refers to application of low-intensity low-frequency 

ultrasound in combination with an antibiotic in order to increase the efficacy of 

antibiotics against biofilm bacteria.39,52  

Ultrasound itself is defined as acoustic energy or sound waves with frequencies 

above 20 kHz (Fig. 1), which is above the audible threshold for humans. It can be 

considered a mechanical wave in which the energy is transmitted by vibrations of 

molecules of the medium through which the wave travels. Ultrasound travels 

predominantly as longitudinal waves, whereas transverse waves are found in bone. 

Its characteristics and nomenclature are further explained in Fig. 1. Ultrasound is 

used in various medical applications, including medical diagnostic imaging and 

physiotherapeutic treatment9 and it is considered to be safe for medical use.17 In 

other studies and applications low-frequency ultrasound has been used to target or 

control drug release28,43 and to allow drugs to cross barriers such as the skin and 

the cornea, which are otherwise nearly impermeable.13,52  

In vitro research showed that ultrasound could enhance antibiotic treatment effect 

both on planktonic bacteria31,37 and biofilm bacteria on polyethylene.21,30,32,33,34,35 

Following this, an in vivo experimental model was developed in rabbits.38 A 
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continuous acoustic intensity of 100 mW/cm2 in combination with antibiotics 

showed not to have an additional effect on bacterial viability, whereas an increase 

in acoustic intensity to 300 mW/cm2 decreased bacterial viability, although skin 

lesions were observed. In the following study changing from continuous ultrasound 

to pulsed ultrasound avoided skin lesions, while a decrease in bacterial viability 

was still observed.39 It was suggested that bacteria in biofilm respond to a high 

peak acoustic intensity (pulsed ultrasound) rather than a high average acoustic 

intensity (continuous ultrasound), whereas skin damage correlates with a high 

average acoustic intensity of the ultrasound.  

 

 
 
Figure 1. Representation of a pulsed ultrasound wave. A series of N pulses generates a pulsed 
signal with pulse duration of N times the period (“pulse train”). This period (T) stands for the time 
needed for the wave to travel one wavelength (λ), determined by the chosen frequency (f) of the 
ultrasound signal. Frequency is defined as 1/T, and is given in Hertz (Hz). The difference between 
the peak positive pressure (p+) and the peak negative pressure (p-) is the amplitude (A) of the 
wave; this is important for determining the acoustic intensity (I), (in Watts/cm2), which can be 
considered representative for the mechanical force of the wave. By increasing the ratio of pulse 
duration/pulse repetition (represented by the duty cycle), the energy of the wave per second is 
reduced, thereby reducing heat production, whereas the wave intensity can be maintained or 
increased to high levels by increasing the amplitude and intensity of the wave. A duty cycle of 1:3 
means that one pulse train is followed by 3 identical periods without a pulse.  
 

Exposure of an Escherichia coli biofilm on polyethylene to low-frequency 

ultrasound for 24 h resulted in increased killing of the biofilm in rabbits39, and a 

recent paper showed that extended treatment to 48 h reduced viability to almost 

undetectable levels for E. coli, whereas the Pseudomonas aeruginosa biofilm did 

not decrease by ultrasound.9 The latter was attributed to greater impermeability 

and stability against antibiotics of the outer membrane of P. aeruginosa. 

time

pressure

pulse repetition time

pulse 
duration

period
p+

p_

N MECHANICAL EFFECTS
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Presumably, ultrasound increases transport of solutes through the biofilm or outer 

bacterial membranes.39 This was in vitro shown for both E. coli and P. aeruginosa, 

and it was concluded that increased antibiotic transport by ultrasound may be 

partially responsible for an increased bacterial killing by ultrasound.8,32 

 

Aim of this thesis 

Ideally, to prevent biofilm infection of implants, a high concentration of an effective 

antibiotic should be achieved around an implant immediately after surgery to 

eradicate planktonic bacteria, present as a result of (inevitable) bacterial 

contamination during surgery.  

Acrylic bone cement and beads have previously been modeled as biomaterials 

consisting of an insoluble matrix with pores and channels in the bulk through which 

gentamicin can elute through diffusion.1,10,22 Nevertheless, antibiotic release is far 

from ideal both in total release as in release pattern in its function of a local drug 

delivery system. Finding ways to increase or accelerate antibiotic release could 

therefore be beneficial. Application of ultrasound in combination with an antibiotic, 

as previously described, resulted in an increased antibiotic efficiency and this could 

possibly be of use in improving prevention and/or treatment of biomaterial-

associated infection in orthopedics.  

The aim of this thesis is to improve the prevention and treatment of infected hip-

and knee arthroplasties by investigating whether antibiotic release by the local drug 

delivery systems used in orthopedics could be improved and whether pulsed 

ultrasound in combination with an antibiotic yields an increased killing of bacterial 

biofilms on implant surfaces. 
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Introduction 

Bone cement is used in orthopedic surgery to achieve fixation of joint prostheses to 

bone.10 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.12,29 Subsequently the release 

rate declines sharply, and a slow long-term release follows.11,26,28 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.17,30 

These release characteristics are not ideal for optimal bacterial killing by 

gentamicin, as this requires a high peak concentration delivered once per day.6,13,18  

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.23 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.1,25   

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

release.24 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.5,31 Low-frequency ultrasound is also known to enhance the 

effectiveness of gentamicin against bacteria,20 suggested to be due to a 

destabilization of bacterial membranes.19 Ultrasound has also found wide 

application in the medical diagnostic and physiotherapeutic fields and is considered 

to be safe.9 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. 
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Of particular interest was the possibility of accessing antibiotics otherwise 

remaining isolated in the bone cement. 

 

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 (CMW, DePuy CMW, Leeds, United 

Kingdom), Palacos R-G containing 0.84 w/w% gentamicin base (PC, Schering-

Plough, Maarssen, The Netherlands), Palamed G, containing 0.86 w/w% 

gentamicin base (PM, Ortomed, Zwijndrecht, 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) mold. After application of the cement, the mold 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. Removal of the mold by gentle pressure yielded 

cylindrical samples with a diameter of 6 mm and a height of 3 mm. 

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. The bottles with submersed samples 

were placed in a Gyrotory® Water Bath Shaker at 37°C (Model G 76, New 

Brunswick Scientific Co. Inc., Edison, N.J., USA). 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. 
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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, USA) 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 watertight housing. Voltages during insonation were 

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

transducer was suspended in each of three containers filled with degassed, 

demineralized water (Fig. 1).  

 

 

 

 
 
Figure 1. Ultrasound set-up, showing a transducer in its housing and the test tube in the container 
that 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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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/cm2 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 

on time of 2 ms. The time average acoustic intensity was 167 mW/cm2. 

 

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 showed smaller absorption and reflection of the ultrasound 

used than standard glass test tubes. One sample of fresh and post-eluted 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 adjusted to set the peak acoustic intensity to 500 

mW/cm2. 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, USA) 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. Nine replicates of each experiment were performed at 

ambient temperature. No increase in temperature was measured in the water bath 
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due to the applied ultrasound. All nine replicates were made out of the same batch 

of bone cement.  

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., USA). 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. 
 
 
 
Table 1. Average amount of gentamicin released (μg gentamicin base/cm2) 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 73.9 9.3 82.5 11.5 0.10 

PC 40.3 4.2 42.7 4.2 0.32 

PM 60.1 27.6 74.8 12.6 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 
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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 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 all bone cements (Table 2).  

The best linear regression model showed a prediction of the results with an 

adjusted coefficient of determination (R2) of 0.81 and is summarized in Table 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. 
Table 2. Average amount of gentamicin released (μg gentamicin base/cm2) 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 0.55 0.54 0.34 0.26 0.31 

PC 0.96 0.50 1.17 0.54 0.42 

PM 0.74 0.47 0.76 0.38 0.94 

The abbreviations used can be found in Table 1. 
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Discussion 

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

cements was investigated. By means of a custom-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.5,20 

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 1). This trend was substantiated by the construction of a valid linear 

regression model in which the effect of ultrasound had a positive coefficient and 

was significant with a p-value of 0.026 (Table 3). This linear regression model was 

based upon the combined results from all bone cements. 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  of 
 
Table 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 25.7 14.7 0.090 

Insonation status 6.6 2.8 0.026 

Average bath temperature 2.3 0.66 0.002 

Dummy 1 - 39.1 3.3 < 0.001 

Dummy 2 - 4.9 3.5 0.171 

SE indicates standard error. Further abbreviations used can be found in Table 1. 
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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 gap12 or over the thickness of infected interfacial tissue. 

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

ultrasound remains unclear. Microstreaming 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 2.3 μg/cm2 

according to the model, while the effect of insonation would be an increase of 6.6 

μg/cm2 (coefficients under B in Table 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 can not 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. Note that the increase in local 

gentamicin concentration due to ultrasound is hard to estimate, because every 

estimate depends directly on the thickness of the interfacial tissue zone assumed. 

Assuming an interfacial tissue zone with a thickness of 0.01 cm, however, would 

yield an increase in gentamicin concentration by 660 μg/cm,3 which might be 

sufficient to increase the gentamicin concentration locally above MIC (minimal 

inhibitory concentration) values. 

Biomaterial-related infections pose a threat to future use of biomaterials.21 Both the 

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

current emergence of bacterial resistance to antibiotics has increased this 

threat.4,14 This has spurred an increased interest in physical methods that can 
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affect bacterial adhesion, growth and can even disrupt established biofilms. 

Examples are positively charged surfaces,8 coatings with poly(ethylene oxide) 

(PEO) brushes,27 bubble-induced detachment of bacteria,7 bio-electric,3 bio-

magnetic15 and bio-acoustic16 effects. The latter refers to low-intensity low-

frequency ultrasound that can reduce bacterial biofilm growth in conjunction with 

gentamicin.19,20   

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 1 and 2). This is in line with earlier 

experiments that indicated that the long-term release is far below the initial burst 

release.11,26,28 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. 

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. The mechanism behind the improved release 

from fresh samples is suggested to involve microstreaming or localized 

temperature rises. An ultrasound effect could not be found in post-elution samples. 

In combination with the bio-acoustic effect, these findings might be valuable for 

clinical orthopedics.  
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Introduction 

Gentamicin-loaded acrylic beads are used in orthopedic and general surgery as a 

local drug delivery system for the treatment of bone and soft tissue infections. 

Local drug delivery yields higher gentamicin concentrations than can be safely 

achieved with systemic application of gentamicin without systemic side effects.15 

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

and can also be obtained loaded with antibiotics for the prevention of infection, 

particularly in joint prosthesis revision surgery.8 Load-bearing bone cements need 

to have good mechanical strength, whereas beads serve as a non-load-bearing 

spacer. Consequently, beads can be made more porous than bone cements. 

Despite high initial release rates of antibiotics from bone cements, release rates 

over time are low, and on average, only 15% of the antibiotic incorporated in 

currently applied bone cements is released.7,18 In contrast, gentamicin-loaded 

beads release up to 70% of their antibiotic content within 14 days after 

implantation.16 Unfortunately, both for beads as well as for bone cements, a sharp 

drop in release follows high initial release. Ideally, gentamicin-loaded beads and 

bone cements should present a release with sustained high concentrations of 

antibiotic. In a previous report, it was shown that application of pulsed ultrasound 

led to a small increase in the release of gentamicin from antibiotic-loaded acrylic 

bone cements.5  The objective of this study was to investigate the effect of pulsed 

ultrasound on the release of another local drug delivery system, namely 

gentamicin-loaded beads, in comparison with gentamicin-loaded bone cements. 

Mercury intrusion porosimetry was used to compare the pore size distribution in 

both materials before and after antibiotic release and thereby help to explain 

increased antibiotic release – or unchanged antibiotic release − by ultrasound.   
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Materials and methods 

Antibiotic-loaded beads and bone cements 

Commercially available gentamicin-loaded PMMA beads (Septopal, Merck, 

Darmstadt, Germany) were used. Each bead of 0.2 g contained 4.5 mg of 

gentamicin (2.25 w/w% gentamicin base) and had a diameter of 7 mm. The 

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

1.7 w/w% gentamicin base (CMW, DePuy CMW, Leeds, United Kingdom), Palacos 

R-G containing 0.84 w/w% gentamicin base (PC, Schering-Plough, Maarssen, The 

Netherlands), and Palamed G, containing 0.86 w/w% gentamicin base (PM, 

Ortomed, Zwijndrecht, The Netherlands). In the preparation of the bone cement 

samples, mixing of the powder and liquid monomer was carried out in accordance 

with the manufacturers’ instructions. The doughy bone cement was spread in a 

polytetrafluoroethylene (PTFE) mold and the bottom side of the mold was 

compressed on a glass plate covered with a sheet of a transparant material (MC 

110 Océ, The Netherlands). The preparation of the top side was slightly modified 

as it was left open, allowing the dough to polymerize without compression while 

exposed to air. This resulted in cylindrical samples with a diameter of 6 mm and a 

height of 3 mm with one smooth and one rougher circular surface. The same batch 

of bone cement and beads was used for each repeat study. 

 

Ultrasound 

The ultrasound set-up used was described previously.5 Briefly, 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 and was 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 
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Netherlands). The continuous signal was divided over 3 transducers in a 1:3 duty 

cycle of 2 ms resulting in an average acoustic intensity of 167 mW/cm2. Samples of 

beads or bone cement were put in polystyrene test tubes (PS-tube 16.0/152mm 

Greiner Bio-one, Germany) filled with 12 ml of phosphate buffered saline (PBS, 

NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l; pH 7.0). 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.  

Ultrasound experiments were performed for 18 h in 9-fold on bone cement samples 

and in 6-fold on beads. The concentration of the released gentamicin in PBS, was 

measured using fluorescence polarization immuno-assay (AxSYM, Abbott 

Laboratories, USA).  

 

Mercury intrusion porosimetry 

Mercury intrusion porosimetry (Autopore II 9220, Micromeritics, USA) was used to 

measure the intruded mercury volume of the bone cements and beads involved in 

this study to yield the distribution of pore diameters prior to and after release of the 

antibiotics.  

In order to mimic bone cement and beads after prolonged stay in the human body, 

i.e. after initial release of the loaded gentamicin, half of the samples were 

immersed in PBS at 37°C under light agitation (Gyrotory® Water Bath Shaker, 

Model G 76, New Brunswick Scientific Co. Inc., Edison, NJ, USA).  Bone cement 

samples were immersed for four weeks and beads for two weeks, in 50 ml of PBS. 

The volume to area ratio during immersion was 44.2 for bone cement samples and 

32.5 for beads. The PBS was refreshed twice a week, thereby preventing the build-

up of a high concentration of gentamicin in solution that could slow down release. 

After drying in vacuum for three days, immersed and not-immersed samples were 

placed in the mercury intrusion porosimeter, after which the mercury pressure was 

increased from 6.89 kPa to 372.3 MPa and the amount of mercury pressed into 



Chapter 3 

 

 

 34

pores and channels was measured. The pore diameter is related to the applied 

pressure according the Washburn-equation17  

 

P
D θγ cos4−
=                  (1) 

 

where D is the pore diameter (m), γ is the surface tension of mercury (480 mN/m), 

θ is the contact angle of mercury (140 degrees) and P is the applied pressure 

(kPa). Although theoretically pores with diameters ranging from 200 to 0.004 μm 

can be determined, only pore size diameters in the range of 30 to 0.01 μm are 

representative of the sample porositiy. Pore sizes with a diameter above 30 μm, 

represent mercury intrusion of the space between samples, while mercury intrusion 

in pores smaller than 0.01 μm requires a high force, causing elastic deformation of 

the sample which decreases the final porosity measured.3  

 

Statistics 

The gentamicin release by the control and insonated groups was compared using 

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

interval was applied for statistical significance. 

 

Results 

Ultrasound 

The distributive amounts of gentamicin released are presented in Table 1, from 

which it can be seen that application of ultrasound leads to a significant increase in 

gentamicin release from beads, but, in the case of bone cements, gentamicin 

release was only increased marginally, without statistical significance.  
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Table 1. Distributive amount of gentamicin released (μg gentamicin base / cm2) after 18 h from 
gentamicin-loaded beads and bone cement samples with (US on) or without (US off) ultrasound 
insonation. The p-values for the difference between treatment with and without ultrasound from the 
two-tailed Student’s t test are also given. 
 
Sample US off US on p 

Beads 354 ± 25 412 ± 33 0.006 

CMW 1 90 ± 9 93 ± 8 0.45 

Palacos R-G 55 ± 2 63 ± 3 0.47 

Palamed G 102 ± 21 104 ± 21 0.82 

 
 

Mercury intrusion porosimetry 

Intruded mercury volumes are plotted against pore diameter for gentamicin-loaded 

beads and bone cements in Fig. 1 and 2, respectively. Note that in beads the 

prevalence of the larger pores remains unaffected by gentamicin release, but the 

intruded mercury volume of smaller pores (between 0.1 μm and 0.01 μm) 

increases after immersion for two weeks in PBS, indicating gentamicin release 

from these pores. Differences in porosity between the different bone cements are 

small and no significant changes in pore size distributions due to the release of 

gentamicin were observed. 

 

Discussion 

Low-frequency ultrasound has been used to target or control drug release9,14  and 

to allow drugs to cross barriers.4,19  Moreover, low-frequency ultrasound has been 

demonstrated to increase the efficacy of antibiotics against biofilm bacteria, known 

as the bio-acoustic effect.11,12,19  The present study shows that ultrasound 

increases gentamicin release from acrylic beads by 15%, suggesting another new 

and safe application of ultrasound in clinical practice. This is especially important, 

as the increased gentamicin release is achieved in the close vicinity of the bead 
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surface, which although used a carrier for the antibiotic, is also prone to infection 

itself.1,6   
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Figure 1. Intruded mercury volume for different pore diameters in gentamicin-loaded beads prior to 
(closed symbols) and after immersion for two weeks in PBS (open symbols). Note that the x-axis is 
logarithmic scaled and has a reverse order. 
 

Gentamicin release is a diffusion-controlled process for both bone cement and 

beads, although initial release is essentially a surface phenomenon.15 Several 

studies,2,10 including the present one, demonstrated that Palamed G showed the 

highest initial gentamicin release, closely followed by CMW 1 while Palacos R-G 

showed the lowest gentamicin release. As reported previously,2 higher surface 

roughness increased gentamicin release in bone cement, although higher surface 

roughness did not improve the effect of ultrasound on antibiotic release.5 Sustained 

low gentamicin release in gentamicin-loaded bone cement originates from slow 

diffusion through the bulk of the cement.2 Ultrasound showed little to no effect on 

gentamicin release from antibiotic-loaded acrylic bone cements in this study.  

As ultrasound induces microstreaming caused by high and low pressure areas in a 

fluid,13 the presence of pores for antibiotic release seems essential for enhanced 

antibiotic release by ultrasound. Mercury intrusion porosimetry measurements 
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provide information on the presence of pores in beads and bone cement and 

thereby helps to explain increased antibiotic release – or unchanged antibiotic 

release − by ultrasound.  

For beads, our measurements indicate that gentamicin is released by pores in the 

range of 0.1 to 0.01 μm, as these pores are present in higher prevalence after 

gentamicin release. These pores probably have developed as a result of 

dissolution of grains of gentamicin base. Product information excludes other 

dissolvable substances. In a previous study, ultrasound only marginally enhanced 

the gentamicin release from gentamicin-loaded bone cement,5 thereby raising the 

question whether the bulk of the bone cement was accessible by diffusion through 

channels and pores. In the present study, mercury intrusion porosimetry showed 

no increased presence of pores after antibiotic release in bone cement, suggesting 

their absence in bone cements. This implies that diffusion through a porous matrix 

is unlikely to contribute to antibiotic release and gentamicin leakage from incidental 

cracks and voids, seems to be a logical explanation for any sustained low 

gentamicin release.  
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Figure 2. Intruded mercury volume for different pore diameters in bone cements prior to and after 
immersion for two weeks in PBS. Note that the x-axis is logarithmic scaled and has a reverse order.  
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In conclusion, ultrasound increases gentamicin release from antibiotic-loaded 

acrylic beads. Development of pores between 0.1 and 0.01 μm coincides with 

increased gentamicin release by ultrasound for beads. These pores might be 

essential for an ultrasound effect on gentamicin release, as ultrasound only 

showed little to no effect on gentamicin release from antibiotic-loaded acrylic bone 

cement and no accompanying changes in pore structure after gentamicin release 

were observed for bone cements. Application of ultrasound could optimize usage 

of an (antibiotic) reservoir in local drug delivery systems to treat bone and soft 

tissue infections more effectively, all the more when this could be combined with 

the bio-acoustic effect, i.e. the enhanced killing of bacteria by antibiotics under the 

influence of ultrasound. Varying frequency and acoustic intensity should verify 

whether optimal ultrasound settings have been achieved before in vivo assessment 

of the clinical usefulness of ultrasound application.    
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Appendix  

During the course of this study and after completion of this chapter, a new type of 

bone cement was put in the market, Copal, containing a combination of gentamicin 

and clindamycin. In this appendix, we describe the effects of ultrasound on 

antibiotic release from Copal without further discussion. 

 

Materials and methods 

Effect of ultrasound on antibiotic release 

Samples of Copal bone cement were put in polystyrene test tubes (PS-tube 

16.0/152mm Greiner Bio-one, Germany) filled with 12 ml of phosphate buffered 

saline (PBS, NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l; pH 7.0) and placed 

in front of the ultrasound transducers. The samples were subjected to ultrasound 

for 18 h in 18-fold. Thereafter, the concentration of gentamicin and clindamycin 

released in PBS, was measured using fluorescence polarization immuno-assay 

(AxSYM, Abbott Laboratories, U.S.A.) for gentamicin, and using High Performance 

Liquid Chromatography (HPLC) for clindamycin. 

 

Results 

Antibiotic release 

Ultrasound increases antibiotic release of both gentamicin and clindamycin for 

Copal with aprroximately 10% compared to samples not subjected to ultrasound. 

The distributive amounts of gentamicin and clindamycin released are presented in 

Table 1, from which it can be seen that application of ultrasound leads to a 

significant increase in clindamycin release, while gentamicin release was increased 

without statistical significance.  
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Table 1. Distributive amount of antibiotic released (μg antibiotic base / cm2) after 18 h from Copal 
bone cement samples with (US on) or without (US off) ultrasound insonation. The p-values for the 
difference between treatment with and without ultrasound from the two-tailed Mann-Whitney test for 
independent samples are also given. 
 
Antibiotic release n US off US on p 

Gentamicin 35 205 227 0.287 

Clindamicin 35 121 134 0.029 
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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 2b  

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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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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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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Introduction 

Local drug delivery system are often applied in modern medicine as they yield high 

local concentration of the drug. Therefore it is important to understand mechanisms 

of drug release. Local drug delivery systems used in orthopedics are antibiotic-

loaded bone cements, used to prevent occurrence or re-occurrence of prosthetic 

implant infections in joint arthroplasty, and gentamicin-loaded beads, used to treat 

osteomyelitis and prosthetic implant infections between two-stage joint revision 

arthroplasties. Gentamicin is the most frequently used antibiotic to this end, 

because of its wide antimicrobial spectrum, water solubility, thermal stability and 

low allergenicity. The effectiveness of gentamicin-loaded bone cement in primary 

and revision arthroplasties has been shown in several studies.6,9 Nevertheless, the 

kinetics of gentamicin release from bone cements is not ideal because after high 

initial, burst release, sub inhibitory concentrations are released over time totalling 

to only 15% of the antibiotic incorporated in currently applied bone cements.10 

Therewith, the discussion has been opened on whether this low, long-lasting 

release contributes to the development of gentamicin resistance.2,17 Moreover, 

studies reported the occurrence of gentamicin-resistant bacterial strains in 

prosthesis-associated infections,10,20,23 and one study even reported that fifty 

percent of the staphylococci found in prosthetic infections are gentamicin-

resistant.15 This has stimulated the development of bone cements loaded with a 

second antibiotic, such as gentamicin/clindamycin-loaded Copal bone cement, to 

broaden the antimicrobial spectrum and avoid the occurrence of gentamicin 

resistance.14 Although the polymer matrix of Copal is considered to be similar to 

that of Palacos R-G bone cement,18 addition of clindamycin to Copal resulted in a 

much higher antibiotic release over time in comparison with Palacos R-G and, 

remarkably, resulted in an enhanced release of gentamicin,11,19 even when the 

higher concentration of gentamicin in Copal is taken into account.5 Compared to 

antibiotic-loaded bone cements, the widely used prefabricated gentamicin-loaded 

Septopal beads are much more effective in antibiotic release than cements by 

releasing as they release up to 70% of their antibiotic content within 14 days.21  
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The differences in antibiotic release between antibiotic-loaded bone cements and 

between antibiotic bone cement and gentamicin-loaded beads are not yet fully 

understood. The consensus on antibiotic release of bone cements seems to be 

that the antibiotic is first released directly from the surface and is then released in 

low sub inhibitory amounts from a supposed network of cracks and voids in the 

bone cement.7 Others8 claim that slow diffusion by the water permeability of PMMA 

can result in subsequent low release, although this is disputed by others.1,4 

Prefabricated beads are often considered to be comparable to higher porosity 

gentamicin-loaded bone cement mixed with higher amounts of gentamicin. As 

Septopal beads are not available for clinical use in the US, preparation of beads is 

done by US surgeons in the operating room by hand mixing antibiotic (10-15 g per 

batch of bone cement) into the acrylic bone cements.13 Despite this, elution 

characteristics of hand mixed beads are not as effective as for Septopal.16 Hand 

mixing beads with the same quantities of constituents as given by the manufacturer 

of prefabricated beads could not reproduce the same elution characteristics at all.13   

Therefore, this study aims to describe differences in structure of gentamicin-loaded 

and gentamicin/clindamycin-loaded bone cements prior to and after antibiotic 

release by scanning electron microscopy and by mercury intrusion porosimetry to 

explain differences in antibiotic release. 

 

Materials and methods 

Antibiotic-loaded bone cements and beads 

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 bone cement (Schering-Plough, Maarssen, The 

Netherlands) containing 0.84 w/w% gentamicin base and Septopal beads (Biomet 

Merck, Darmstadt, Germany) containing 2.25 w/w% gentamicin base in each bead 

(7 mm in diameter) were used in this study. Mixing and preparation of the bone 

cement samples was done under sterile conditions according to the manufacturers’ 
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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 bone cement samples with a diameter of 6 mm and a height of 3 mm 

denoted further in this study as compressed surface. When these samples (and 

beads) were fractured, by hand-breaking using two pliers, to study the bulk of the 

samples, these samples were denoted further in this study as fractured surfaces.   

 

Scanning electron microscopy 

To analyze structural effects of antibiotic release of bone cements and beads, both 

compressed surfaces and fractured surfaces were studied by field emission 

scanning electron microscopy before and after immersion in phosphate buffered 

saline (PBS). Three groups were constructed: compressed surfaces of bone 

cements and the surface of beads before and after immersion, fractured surfaces 

of bone cements and beads before and after immersion, and bone cement 

samples and beads that were immersed and fractured afterwards. The first 2 

groups enabled identification of released (antibiotic) particles after immersion, 

while the third group enabled studying whether or not antibiotics were released 

through the bulk of the bone cement samples and beads.  

Immersion consisted of a 2 week period for beads and fractured beads and a 4 

week period for bone cements samples and fractured samples in 50 ml of PBS (10 

mM potassium phosphate and 150 mM NaCl, pH 7.0) at 37 ºC under light agitation 

(Gyrotory® Water Bath Shaker, Model G 76, New Brunswick Scientific Co. Inc., 

Edison, NJ., USA). The PBS was refreshed twice a week to prevent a build-up of a 

high concentration of antibiotic in solution that could slow down release. 

The mostly flat, compressed surfaces of Palacos R-G and Copal of the first group 

needed to be sputter-coated with gold/palladium (~3 nm) after dehydration in air to 

improve image quality, disabling direct comparison of identical spots before and 
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after immersion. All the beads and fractured surfaces could be examined uncoated 

after dehydration in air, enabling direct comparison of identical spots before and 

after immersion. Examination was done with a field emission scanning electron 

microscope type 6301F (JEOL Ltd., Tokyo, Japan) at 1.0 kV for the beads and 

fractured surfaces and at 2.0 kV for the compressed surfaces of Palacos R-G and 

Copal.  

 

Mercury intrusion porosimetry  

Mercury intrusion porosimetry (Autopore II 9220, Micromeritics Norcross, GA, 

USA) was used to measure the intruded mercury volume of the bone cements and 

beads involved in this study to yield the distribution of pore diameters prior to and 

after antibiotic release. Subsequently, the immersed and not-immersed samples 

(24 bone cement samples and 12 beads per measurement) were dried in vacuum 

for three days, placed in the mercury intrusion porosimeter in which the mercury 

pressure was increased from 6.89 kPa to 372.3 MPa. The amount of mercury 

pressed into the pores and channels of the bone cements and beads was 

measured. The pore diameter is related to the applied pressure according the 

Washburn-equation 22 

P
D θγ cos4−
=                   (1) 

where D is the pore diameter (m), γ is the surface tension of mercury (480 mN/m), 

θ is the contact angle of mercury (140 degrees) and P is the applied pressure 

(kPa). Although theoretically pores with diameters ranging from 200 to 0.004 μm 

can be determined, only pore size diameters in the range of 30 to 0.01 μm found 

relevant in bone cements and beads are displayed. Pore size diameter above 30 

μm represent mercury intrusion of the space between samples, while mercury 

intrusion in pores smaller than 0.01 μm requires a high force, causing elastic 

deformation of the sample which decreases the final porosity measured.3  
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Figure 1. Scanning electron micrographs of the compressed surfaces of Palacos R-G (top) and 
Copal (middle) bone cement and the surface of Septopal beads (bottom) prior to (left panel) and 
after (right panel) antibiotic release. The compressed bone cement surfaces were sputter-coated 
with gold/palladium (~3 nm) after dehydration and were examined with a field emission scanning 
electron microscope at  2.0 kV, the beads were uncoated and were examined at 1.0 kV. The arrows 
highlight structural differences, that disappeared after release. Bar markers represent 100 μm.   
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Results  

Scanning electron microscopy 

Figure 1 shows examples of the compressed surfaces of Palacos R-G and Copal 

bone cement and the outer surface of Septopal beads before (left panel) and after 

(right panel) immersion. On the compressed surface of Palacos R-G, small 

particles of around 10 μm can be discerned (left panel) which disappear after 

antibiotic release, leaving pores  of similar size (right panel). On the compressed 

surface of Copal, larger particles with a size between 50 μm and 150 μm can be 

seen prior to antibiotic release (left panel), which leave pores of the same size after 

antibiotic release (right panel). In contrast, Septopal beads are build up by many 

bead-like PMMA particles, and reveals no structural differences on the surface 

prior to and after antibiotic release. 

Figure 2 shows fractured surfaces of Palacos R-G, Copal and Septopal beads 

before immersion (left panel) and of identical locations after immersion (right 

panel), enabling exact identification of structural differences due to antibiotic 

release. As for compressed surfaces, on fractured surfaces of Palacos R-G (left 

panel) only small antibiotic particles could be identified before release which leave 

small pores after immersion. Fractured surfaces of Copal again show larger 

antibiotic particles, leaving larger pores after release. As can be seen, neither the 

antibiotic particles, nor the pores, are interconnected. 

For Septopal beads (left panel) only a few encircled parts were fractured which are 

surrounded by open space, in contrast to fractured surfaces of the bone cements 

where the whole surface was fractured. These open spaces were merely filled with 

particles that have disappeared after immersion (right panel). In contrast to the 

bone cements, it can be seen that the antibiotic particles and the pores are 

interconnected.  
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Figure 2. Scanning electron micrographs of the identical fractured surfaces of Palacos R-G (top) 
and Copal (middle) bone cement and Septopal beads (bottom) prior to (left panel) and after (right 
panel) antibiotic release. The fractured surfaces were all uncoated and were examined with a field 
emission scanning electron microscope at 1.0 kV. The arrows highlight structural differences, that 
disappeared after release. Bar markers represent 100 μm.  
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The Palacos R-G and Copal samples that were first immersed and then fractured, 

showed antibiotic particles still present after immersion, alike the situation before 

immersion (left panel in Figure 2). In contrast, Septopal that was first immersed 

and then fractured showed no presence of gentamicin the image was completely 

alike the right panel in Figure 2.    

Mercury intrusion porosimetry 

In Figure 3, the pore size distribution for pores in the range of (30-0.01 μm) are 

displayed prior to (closed symbols) and after (open symbols) immersion for 

Palacos R-G, Copal and Septopal. The mean porosities of the bone cements prior 

to release (Palacos R-G 3.3%, Copal 3.6%) and after release (Palacos R-G  2.9%, 

Copal 4.3%) are comparable, given the small differences. In contrast, mean 

porosity for Septopal has more than doubled from 4.0% before immersion to 8.8% 

after immersion due to a major increase in pores in the size range of 0.1 - 0.0143 

μm.  

 

Discussion 

For bone cements, antibiotic release seems to be limited to the surface, as 

fractured surfaces show no network of connecting pores, nor pores left after 

antibiotic release. Differences in release between gentamicin-loaded Palacos R-G 

and gentamicin/clindamycin-loaded Copal can be explained by a higher amount of 

antibiotic incorporated for Copal in combination with usage of larger antibiotic 

particles, all resulting in higher antibiotic release from the surface, including 

gentamicin.  For beads, gentamicin release seems to originate mostly from the bulk 

of the beads, as fractured surfaces before immersion showed a network of 

interconnecting pores filled with gentamicin, which were clearly void after of the 

beads, as fractured surfaces before immersion showed a network of immersion. 

This finding was accompanied by a large increase in pore volume after release, 

observed by mercury intrusion porosimetry.  
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Previously, hand mixed beads made of Palacos R bone cement with addition of a 

similar dose of gentamicin as in prefabricated Septopal beads resulted in a lower  
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Figure 3. Intruded mercury volume for different pore diameters between 30-0.01 μm in Palacos R-
G, Copal cement surfaces and Septopal beads before and after antibiotic release in PBS. Bone 
cement samples were immersed for 4 weeks, while beads were  immersed for 2 weeks. Note that 
the x-axis is logarithmic scaled and in reverse order. 
 

gentamicin release than that of prefabricated beads,16 and hand mixed beads 

made with the same constituents and quantities as given by the manufacturer of 

Septopal (1.2 g gentamicin, and 0.45 g glycine) resulted in a gentamicine release 

of only 10% of the release of the prefabricated beads after 2 days.13 Only by mixing 

a 3-fold amount of gentamicin (3.6 g) in combination with a 31.1-fold  amount of 

glycine (14 g) into the bone cement13 the amount of gentamicin release of 

prefabricated Septopal could be reached. The differences in structure between 

bone cements and beads found in this study explains these differences in release; 

the fabrication process of Septopal seems to result in an efficient porous network 

without enclosed antibiotic particles after release, in contrast to that of bone 
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cements. We hypothesize that for prefabricated beads an interconnecting PMMA 

network is created before network fully filled with small gentamicin particles and 

hand mixed beads with high amounts of antibiotic made of bone cement can 

therefore not be compared to prefabricated beads. 

In conclusion, this study indicates that the differences in efficacy of antibiotic 

release and release pattern between gentamicin-loaded bone cement and 

gentamicin/clindamycin-loaded bone cement are not only caused by a higher 

amount of antibiotic incorporated but also by an increased size of the antibiotic 

particles. In contrast to the bone cements, gentamicin-loaded beads have a porous 

interconnecting network paved with small gentamicin particles for optimal 

gentamicin release. These findings should be taken into account in clinical practice 

and for further research improving antibiotic-loaded bone cement and beads.       
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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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Introduction 

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

growth protects the infecting organisms against environmental attacks.11 In the 

biofilm mode of growth, bacteria are embedded in an exopolymeric matrix, which 

contributes to effectively protecting the organisms against antimicrobial therapy, 

although the exact mechanisms of increased antibiotic resistance of bacteria in 

biofilms are not known. Current hypotheses include a slow or incomplete 

penetration of the antibiotic into the biofilm, an altered chemical microenvironment 

within the biofilm, or the formation of bacterial sub-populations in a resistant 

phenotypic state.31  

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.2,19 

Acrylic bone cement is widely used to fixate these joint prostheses, and it is 

assumed that loading bone cement with an antibiotic may decrease the infection 

rate by local release of antibiotic.21,34 Advantages of these local drug releasing 

systems are that a high concentration of the drug can be achieved locally and 

possible side-effects of high systemic drug concentrations can be limited or 

avoided. Despite high initial release rates, antibiotic release rates over time are low 

and about 85% of the antibiotic is retained in currently applied bone cements.17,23,35 

It was hypothesized that the antibiotic release pattern of antibiotic-loaded bone 

cement is partially a surface phenomenon whereas the total amount of antibiotic 

released depends on bulk porosity.3  

Ultrasound has been used in various medical applications, including medical 

diagnostic imaging and physiotherapeutic treatment.12 Recently, ultrasonically 

activated drug delivery in chemotherapy was tested in vivo.20 More important for 

the present study, ultrasound is also effective in enhancing the efficacy of 

antibiotics, defined as the “bio-acoustic effect”,24 whereas ultrasound itself proved, 

under certain conditions, not to influence bacterial viability in biofilms.24,28 Exposure 

of an Escherichia coli biofilm on polyethylene to low-frequency ultrasound for 24 

and 48 h in a 1:3 duty cycle with a peak acoustic intensity of 500 mW/cm2 and a 
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temporal mean acoustic intensity of 167 mW/cm2 yielded a decreased bacterial 

viability by gentamicin in rabbits.9,29 Ultrasound increases the transport of 

gentamicin across and within the biofilm, as 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.7 

Ideally, to prevent biofilm infection of implants, a high concentration of antibiotic 

should be achieved around an implant immediately after surgery to eradicate 

planktonic bacteria, present as an inevitable result of contamination during surgery. 

The bio-acoustic effect could optimize infection prevention. For example, antibiotic-

loaded bone cement has been modelled as consisting of an insoluble matrix, with 

pores and channels in the bulk through which gentamicin can elute through 

diffusion,1,10,17 which elution could possibly be accelerated by ultrasound.13  

Therefore, the aim of this study is to investigate whether pulsed ultrasound in 

combination with gentamicin yields a decreased viability of bacteria in biofilms on 

unloaded and gentamicin-loaded acrylic bone cement. To this end, we compared 

the survival of bacteria in a biofilm on implanted bone cement disks with and 

without application of ultrasound in a rabbit model. 

  

Materials and methods 

Preparation of bone cement disks and biofilm formation  

Palacos, bone cement without gentamicin, and Palacos G, bone cement containing 

0.84 w/w% gentamicin base were used. These two commercially available acrylic 

bone cements (Schering-Plough, Maarssen, The Netherlands) were prepared by 

mixing the powdered methylmethacrylate with the liquid monomer in a bowl with a 

spatula. Manual mixing was done according to the manufacturer’s instructions and 

resulted in liquid cement. The liquid cement was poured into a 

polytetrafluoroethylene mould and immediately pressed between two glass plates 

for 25 min. After hardening, the circular cement disks with a total surface area of 
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8.17 cm2 were pulled out of the mould and stored under dark, sterile conditions at 

room temperature.  

In order to mimic aged gentamicin-loaded bone cement, as after several years of 

implantation, Palacos G was also studied after the initial release of gentamicin. To 

this end, 20 samples of Palacos G were immersed in 1 l of phosphate-buffered 

saline (PBS: solution of 10 mM potassium phosphate and 150 mM NaCl with a pH 

of 7.0) in a low rate shaking system (Gyrotory® water bath shaker Model G 76, 

New Brunswick Scientific Co. Inc., USA) at room temperature for 14 days. Thus 

prepared samples will be referred to as “post-elution Palacos G” (PePaG). 

E. coli ATCC 10798 was used, as described before,9,28,29 for biofilm formation on 

polyethylene. Although this strain is not a typical causative organism for orthopedic 

implant related infections, it has been employed in previous studies on the effect of 

ultrasound on antibiotic efficacy. Twenty-four h prior to surgery, 10 ml of an 

overnight culture, grown in tryptic soy broth (TSB) at 37°C, was centrifuged at 2750 

g for 10 min (GS-15R; Beckman, Fullerton, CA, USA). The supernatant was 

decanted and the pellet was resuspended in 10 ml sterile PBS. Twenty μl of this 

suspension was added to 30 ml of TSB in sterile glass petri dishes, each 

containing one sterile bone cement disk. Cement disks were left in the petri dishes 

for 24 h, while rotating at 100 rpm at 37°C and refreshing the TSB every 8 h. In 

order to successfully establish a biofilm on PaG cement with similar numbers of 

colony forming units (CFU’s) as on unloaded cement, TSB was refreshed twice 

during the 24 h growth period. 

  

Animal model 

Nine New Zealand white female rabbits were housed and maintained under the 

regulations of the Institutional Animal Care and Use Committee of Brigham Young 

University and the U.S. Department of Agriculture. After pre-anesthetization with a 

combination of xylazine (5 mg/kg) and ketamine HCl (35 mg/kg), injected 

intramuscularly, the rabbits were denuded around the implant sites by shaving and 
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the application of Nair® depilatory cream (Church and Dwight, Princeton, NJ, USA). 

After the rabbits were anesthetized with isofluorane delivered via a facemask, the 

denuded skin was aseptically prepared and two incisions were made perpendicular 

to the vertebral column. The implant sites were located just beneath the cutaneous 

trunci parallel to the vertebral column. A bone cement disk with an infecting biofilm 

was inserted and sutured to the underside of the skin through two holes in each tab 

of the disk. A second infecting bone cement disk was placed on the contralateral 

side. Immediately after surgery, and every 24 h thereafter, Banamine (2 mg/kg; 

flunixin-megalumine, Schering-Plough, Kenilworth, NJ, USA) was injected 

subcutaneously to relieve any pain. Blood samples were taken daily prior to any 

injections and, after dilution, plated onto nutrient agar (NA) using the membrane 

filtration technique and incubated for 48 h.  

The animals were divided in three experimental groups. One group received 

systemic gentamicin through a daily subcutaneous injection (8 mg/kg, Gentocin; 

Schering-Plough, Kenilworth, NJ, USA) after implantation of unloaded bone 

cement (Palacos, Pa, n = 3). Two groups were examined in the absence of 

systemic gentamicin after implantation of gentamicin-loaded cement (PaG, n = 3) 

or post-elution Palacos G (PePaG, n = 3). A group without any form of gentamicin 

treatment was not included based on earlier findings.28 

Ultrasound was applied from 24 h till 72 h post surgery on one of the two implanted 

disks. The other disk acted as a negative control. A function generator (Hewlett 

Packard 3312A; Hewlett Packard, Palo Alto, CA, USA) created a sinusoidal wave 

at 28.48 kHz pulsed in a 1:3 duty cycle that was amplified by a RF amplifier (model 

240L; ENI, Rochester, NY, USA). A 10:1 voltage transformer (Edo Acoustics, Salt 

Lake City, UT, USA) was used to boost the voltage going to the ultrasound 

transducer (EDO Acoustics, Salt Lake City, UT, USA). To calibrate an acoustic 

intensity of 500 mW/cm2 during the pulse, the output signal was measured in 

advance by a calibrated hydrophone (Bruel and Kjaer, Naerum, Denmark).  

The transducer was fixed on a rabbit using an acoustically conductive gel adhesive 

(Tensive; Parker Laboratories, Fairfield, NJ, USA) inside a silicone rubber flange 
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that was held in place with Kamar® adhesive (Kamar Inc., Steamboat Springs, CO, 

USA) and a canvas jacket. An air stream of about 62 ml/min inside the flange 

transferred heat away from the transducer.  

Fourty-eight hours after initiation of the ultrasound treatment, the rabbits were 

euthanized with a 1 ml intravenous injection of a solution composed of 26% sodium 

pentobarbital and 7.8% isopropyl alcohol (Sleepaway, Ft. Dodge, IA, USA). 

Thereafter the implanted disks with biofilm were removed from the subcutaneous 

fascia and fibrous capsule. The tabs, used to suture the disks subcutaneously, 

were cut from the disks and each circular disk (8.17 cm2) was placed in a separate 

test tube, filled with 10 ml of 0.05% trypsin solution. A skin sample of the location of 

the transducer was removed from each rabbit and the kidneys from one rabbit in 

each experimental group were removed for histopathological examination.   

 
Biofilm evaluation  
For biofilm evaluation, the bone cement disks were sonicated in the test tubes in a 

Sonicor SC-100 sonicating bath (Sonicor Instrument Co., Copiaque, NY, USA) at 

70 kHz for 10 s at 37°C to remove adherent bacteria; this was previously shown 

not to decrease bacterial viability.7 Bacteria removed from the disk were quantified 

by serial dilution in sterile physiological saline solution and membrane filtration 

using 0.45 μm cellulose acetate filters (Gelman Sciences, Ann Arbor, MI, USA). 

The first tube in each dilution series contained 0.1% polysorbate 80 (Tween 80) to 

reduce bacterial clumping. After the filtration, the membranes were placed on NA 

plates and incubated at 37°C for 48 h. CFU’s were counted and CFU/cm2 on each 

disk were computed. A decrease in viability of bacteria in biofilm was defined as 

the decrease in mean bacterial counts when ultrasound was applied. 

 

Statistical analysis 

The Statistical Package for Social Sciences (SPSS 10.0 for Windows, SPSS Inc., 

Chicago, IL, USA) was used. The two-tailed Wilcoxon signed rank test for paired 
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samples was performed for statistical analysis in all combined experimental 

groups. The experimental groups involving the use of gentamicin were combined 

for statistical analysis, which was allowed because mean values, standard 

deviations, and correlations were comparable without significant linear regressions 

between these groups.  

 

Results 

The cement disks contained on average in all groups 2.3 x 109 CFU/cm2 of biofilm 

bacteria before implantation. After 72 h of implantation, the negative controls (US 

off) all showed (see Table 1) a decrease in bacterial counts; both systemically 

released gentamicin (Pa) and locally released gentamicin (PaG and PePaG) 

reduced the CFU. Of these negative controls, PaG showed the highest reduction in 

CFU.  

  
Table 1 Average number of viable bacteria cultured from bone cement samples (Pa, plain bone 
cement in combination with systemic gentamicin; PaG, gentamicin-loaded cement in the absence of 
systemic antibiotics; PePaG, gentamicin-loaded cement after elution in the absence of systemic 
antibiotics) in the different experimental groups in the absence (US off) or presence (US on) of 
ultrasound in vivo. Decreased bacterial viability by ultrasound was calculated as (US off – US on). 
Percentage decreased viability represents the percentage reduction that is achieved by applying 
ultrasound; this was calculated as (1 -  (US on / US off)) * 100.  
 
Bone 

cement 

n US off 

(CFU/cm2)  

US on 

(CFU/cm2)  

Decreased viability 

(CFU/cm2) 

Percentage 

decreased viability 

Pa 3 1.4 x 107 4.3 x 106 9.6 x 106 69% 

PaG 3 3.6 x 104   1.6 x 104 2.0 x 104 58% 

PePaG 3 5.9 x 107 2.1 x 107 3.8 x 107 64% 

 
 

Compared to the negative controls, application of ultrasound (US on) resulted in a 

decreased viability of bacteria in the biofilms in seven of nine experiments 

performed. The highest average percentage of reduction was seen for Pa with 

systemic gentamicin (69%), shortly followed by PePaG (64%) and PaG (58%). The 

single experimental groups were too small for statistical analysis. However, 

combining the results of all three experimental groups involving gentamicin 
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indicated a significantly decreased viability of bacteria in biofilm by ultrasound (p = 

0.038). 

Analysis after necropsy showed that within 48 h a well-organized, subcutaneous 

capsule of fibrin, heterophils and bacteria had formed around the implanted disks 

on both sides. Edema, congestion and inflammation were prominent, surrounding 

the capsule. Capsules around cement disks not subjected to ultrasound showed 

more signs of inflammation in all experimental groups: capsule formation was more 

extensive; capsules were larger and were mostly filled with larger volumes of 

pustular fluid. In general, these qualitative findings were in accordance with the 

reduced numbers of viable bacteria on cement disks treated with ultrasound in the 

experimental groups. No signs of specific skin degradation or necrosis were 

observed due to ultrasound in either group. Histopathological studies of the 

kidneys from one rabbit in each experimental group showed no abnormalities, such 

as signs of nephrotoxicity, and none of the blood samples showed bacteraemia.  

 

Discussion 

No effective non-invasive technique is available to prevent or treat biofilm 

infections associated with medical implants. This is important as most of the time 

an infection can only be successfully treated by a complete surgical removal of the 

implant. Therefore attempts have been undertaken to develop techniques to treat 

biofilm infections on medical implants. These include electric and ultrasonic 

enhancement of antibiotics, coating of biomaterials with antibiotic, and embedding 

antibiotics in biomaterials, such as in acrylic bone cement.5,6,16,30 Numerous studies 

demonstrated an effect of ultrasound in combination with an antibiotic on bacterial 

populations,8,15,22,25,36 but none of these studies involve ultrasound effects in 

combination with the controlled release of antibiotics from antibiotic-loaded bone 

cements. 

This study showed that ultrasound in combination with gentamicin yielded a 

tendency towards a decreased viability of bacteria in biofilms growing on acrylic 
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bone cements in all groups. Ultrasound decreased the percentage bacterial 

viability (see Table 1) and was largest for plain bone cement (Pa) in combination 

with the use of systemic antibiotics, but decreased bacterial viability (see also 

Table 1) was the highest for post elution antibiotic-loaded-bone cement (PePaG) in 

the absence of systemic antibiotics. Although gentamicin release from PePaG is 

considered to be negligible3,32,33 and gentamicin release is not accelerated by 

ultrasound on post-elution samples in vitro,13 a decreased viability of bacteria in 

biofilms upon ultrasound application was observed. This indicates that PePaG 

samples still release some gentamicin resulting in a decreased viability of bacteria 

in biofilm.   

The present experimental set-up might have underestimated (ultrasound) effects 

on bacterial viability for the group of PaG. First, the elution characteristics of 

antibiotic-loaded bone cements show that the initial release burst of antibiotics from 

bone cement occurs in the first 6-10 h.4,27 In the model used in this paper, a biofilm 

was seeded on bone cement in liquid media for 24 h. Therefore the gentamicin 

release for the samples in the PaG group was lower than could be expected from 

newly implanted PaG. Nevertheless in the PaG group, the reduction observed in 

the negative controls (US off) were highest, indicating that local release of 

gentamicin still occurs and can be considered to be more effective in decreasing 

bacterial viability in biofilm on bone cement than systemic administration (Pa 

group) of gentamicin. Secondly, because a larger part of the original biofilm is likely 

to be already eradicated by the higher local gentamicin concentration, there is less 

biofilm to decrease viability  compared to the groups of Pa and PePaG, although 

remaining biofilm is known to be harder to eradicate. Nevertheless, the percentage 

decreased viability by ultrasound remains on a level in which ultrasound reduces 

remaining biofilm by more than 50%. Thirdly, after implantation, gentamicin that is 

released from PaG and PePaG spreads into a large volume of subcutaneous area, 

which is much larger than the small prosthesis-related gap14  in which gentamicin is 

released from bone cements in clinical use. Consequently, a high percentage of 

gentamicin released from the PaG and PePaG samples is lost until fibrous capsule 
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surrounds the samples. Larger reductions in bacterial viability may therefore be 

expected in clinical usage, where loss of gentamicin is limited and smaller volumes 

apply, especially as aminoglycosides have a concentration-dependent antibacterial 

activity.18 The previously finding of increased gentamicin release on PaG by 

ultrasound13 may then be even more beneficial. An important advantage of this 

paper is that the used biomaterials, gentamicin, and ultrasound are all in clinical 

usage, but not yet combined in clinical practice.     

In conclusion, application of ultrasound resulted in a decreased (>50%) bacterial 

viability in biofilms in combination with systemic gentamicin and with gentamicin 

released from antibiotic-loaded bone cement in comparison with a negative control. 

These results suggest that application of ultrasound during the early postoperative 

days combined with usage of antibiotic-loaded bone cement or systemic antibiotics 

may contribute to the prevention of implant infection in future clinical practice.  

 

 



Chapter 7 

 

 

 108

References 

1. Baker, A.S. and Greenham, L.W. 1988. Release of gentamicin from acrylic bone 
cement. Elution and diffusion studies. J. Bone Joint Surg. Am. 70:1551-1557. 

2. Bauer, T.W., and Schils, J. 1999. The pathology of total joint arthroplasty II. 
Mechanisms of implant failure. Skel. Radiol.  28:483-497. 

3. Belt, H. van de, Neut, D., Uges, D.R.A., Schenk, W., Horn, J.R. van, Mei, H.C. van 
der, and Busscher, H.J. 2000. Surface roughness, porosity and wettability of 
gentamicin-loaded bone cements and their antibiotic release. Biomaterials 21:1981-
1987. 

4. Belt, H. van de, Neut, N., Schenk, W., Horn, J.R. van, Mei, H.C. van der, and 
Busscher, H.J. 2000. Gentamicin release from polymethylmethacrylate bone cements 
and Staphylococcus aureus biofilm formation. Acta Orthop. Scand. 71:625-629.  

5. Blenkinsopp, S.A., Khoury, A.E. and Costerton, J.W. 1992. Electrical enhancement 
of biocide efficacy against Pseudomonas aeruginosa biofilms. Appl. Environ. Microbiol. 
58:3770-3773. 

6. Buchholz, H.W., and Engelbrecht, H. 1970. Über die Depotwirkung einiger 
Antibiotica bei Vermischung mit dem Kunstharz Palacos. Der Chirurg 41:511-515. 

7. Carmen, J.C., Nelson, J.L., Beckstead, B.L., Runyan, C.M., Robison, R.A., 
Schaalje, G.B., and Pitt, W.G. 2004. Ultrasonic-enhanced gentamicin transport 
through colony biofilms of Pseudomonas aeruginosa and Escherichia coli. J. Infect. 
Chemother. 10:193-199.  

8. Carmen, J.C., Roeder, B.L., Nelson J.L., Beckstaed, B.L., Runyan, C.M., Schaalje, 
G.B., Robison, R.A., and Pitt, W.G. 2004. Ultrasonically enhanced vancomycin 
activity against Staphylococcus epidermidis biofilms in vivo. J. Biomat. Appl. 18:237-
245. 

9. Carmen, J.C., Roeder, B.L., Nelson, J.L., Robison Ogilvie, R.L., Robison, R.A., 
Schaalje, G.B., and Pitt, W.G. 2005. Treatment of biofilm infections on implants with 
low-frequency ultrasound and antibiotics. Am. J. Infect. Control 33:78-82.  

10. Cobby, J., Mayersohn, M., and Walker, G.C. 1974. Influence of shape factors on 
kinetics of drug release from matrix tablets. I Theoretical. J. Pharmaceut. Sci. 63:725-
732. 

11. Gristina, A.G., and Costerton, J.W. 1985. Bacterial adherence to biomaterials and 
tissue. The significance of its role in clinical sepsis. J. Bone Joint Surg. Am. 67:264-
273. 

12. Haar, G. ter. 1987. Basic physics of therapeutic ultrasound. Physiotherapy 73:110-
113. 

13. Hendriks, J.G.E., Ensing, G.T., Van Horn, J.R., Lubbers, J., Mei, H. C. van der, 
and Busscher, H.J. 2003. Increased release of gentamicin from acrylic bone cements 
under influence of low-frequency ultrasound. J. Control. Rel. 92:369-374.  



Ultrasound and gentamicin release on biofilm in vivo 

 

 

 109

14. Hendriks, J.G.E., Neut, D., Horn, J.R. van, Mei, H.C. van der, and Busscher, H.J. 
2002. The release of gentamicin from acrylic bone cements in a simulated prosthesis-
related interfacial gap. J. Biomed. Mater. Res. Part B: Appl. Biomater. 64B 1:1-5. 

15. Huang, C., James, G., Pitt, W.G., and Stewart, P.S. 1996. Effects of ultrasonic 
treatment on the efficacy of gentamicin against established Pseudomonas aeruginosa 
biofilms. Coll. Surf. B: Biointerfaces 6:235-242. 

16. Johnson, L.L., Peterson, R.V., and Pitt, W.G. 1998. Treatment of bacterial biofilms 
on polymeric biomaterials using antibiotics and ultrasound. J. Biomater. Sci. Polymer 
Ed. 9:1177-1185. 

17. Kuechle, D.K., Landon, G.C., Musher, D.M., and Noble, P.C. 1991. Elution of 
vancomycin, daptomycin, and amikacin from acrylic bone cement. Clin. Ortho. Rel. 
Res. 264:302-308.  

18. Lacy, M.K., Nicolau, D.P., Nightingale, C.H., and Quintiliani, R. 1998. The 
pharmacodynamics of aminoglycosides. Clin. Infect. Diseas. 27:23-27. 

19. Mariani, B.D., and Tuan, R.S. 1998. Advances in the diagnosis of infection in 
prosthetic joint implants. Molecular Medicine Today  4:207-213. 

20. Nelson, J.L., Roeder, B.L., Carmen, J.C., Roloff, F., and Pitt, W.G. 2002. 
Ultrasonically activated chemotherapeutic drug delivery in a rat model. Cancer Res. 
62:7280-7283. 

21. Persson, U., Persson, M.,  and Malchau, H. 1999. The economics of preventing 
revisions in total hip replacement. Acta Ortho. Scand. 70:163-169. 

22. Peterson, R.V., and Pitt, W.G. 2000. The effect of frequency and power density on 
the ultrasonically-enhanced killing of biofilm-sequestered Escherichia coli. Coll. Surf. 
B:Biointerfaces 17:219-227. 

23. Powles, J.W., Spencer, R.F., and Lovering, A.M. 1998. Gentamicin release from old 
cement during revision hip arthroplasty. J. Bone Joint Surg. Br. 80:607-610. 

24. Qian, Z., Sagers, R.D., and Pitt, W.G. 1994. The effect of ultrasonic frequency upon 
enhanced killing of Pseudomonas auruginosa biofilm. Ann. Biomed. Eng. 25:69-76.  

25. Qian, Z., Sagers, R.D., and Pitt, W.G. 1997. The role of insonation intensity in 
acoustic-enhanced antibiotic treatment of bacterial biofilms. Coll. Surf. B: Biointerfaces 
9:239-245. 

26. Qian, Z., Sagers, R.D., and Pitt, W.G. 1999. Investigation of the mechanism of the 
bioacoustic effect. J. Biomed. Mat. Res. 44:198-205.  

27. Real, R.P. del, Padilla, S., and Vallet-Regi, M. 2000. Gentamicin release from 
hydroxyapatite/poly(ethyl methacrylate)/poly(methyl methacrylate)composites. J. 
Biomed. Mat. Res. 52:1-7. 

28. Rediske, A.M., Roeder, B.L., Brown, M.K., Nelson, J.L., Robison, R.L., Draper, 
D.O., Schaalje, G.B., Robison, R.A., and Pitt, W.G. 1999. Ultrasonic enhancement of 
antibiotic action on Escherichia coli biofilms: an in vivo model. Antimicrob. Agents 
Chemother. 43:1211-1214. 



Chapter 7 

 

 

 110

29. Rediske, A.M., Roeder, B.L., Nelson, J.L., Robison, R.L., Schaalje, G.B., Robison, 
R.A., and Pitt, W.G. 2000. Pulsed ultrasound enhances the killing of E. coli biofilms by 
aminoglycoside antibiotics in vivo. Antimicrob. Agents Chemother. 44:771-772. 

30. Schierholz, J.M., Steinhauser, H., Rump, A.F., Berkels, R., and Pulverer, G. 1997. 
Controlled release of antibiotics from biomedical polyurethanes: morphological and 
structural features. Biomaterials 18:839-844. 

31. Stewart, P.S., and Costerton, J.W. 2001. Antibiotic resistance of bacteria in biofilms. 
Lancet 358:135-138. 

32. Torrado, S.P., Frutos, P., and Frutos, G. 2001. Gentamicin bone cements: 
characterisation and release (in vitro and in vivo assays). Intern. J. Pharmaceutics 
217:57-69. 

33. Virto, M.R., Frutos, P., Torrado, S., and Frutos, G. 2003 Gentamicin release from 
modified acrylic bone cements with lactose and hydroxypropylmethylcellulose. 
Biomaterials 24:79-87. 

34. Walenkamp, G.H. 2000. Prevention and treatment of infection in orthopaedic surgery 
and traumatology. In Surgical techniques in orthopaedics and traumatology ed. 
Duparc, pp.1-11. Paris: Editions scientifiques et medicales Elsevier SAS. 

35. Wroblewski, B.M., Esser, M., and Srigley, D.W. 1986. Release of gentamicin from 
bone cement. An ex-vivo study. Acta Orthop. Scand. 57:413-414.  

36. Zips, A.G., Schaule, G., and Flemming, H.C. 1990. Ultrasound as a means of 
detaching biofilms. Biofouling 6:323-333.  

  



Ultrasound and gentamicin release on biofilm in vivo 

 

 

 111

 





General discussion 

 

 

 113

8 
 

General discussion 

 

 

 

 

 

 

 

 

  



Chapter 8 

 

 

 114



General discussion 

 

 

 115

Introduction 

Although application of biomaterials has been one of the major assets in modern 

medicine to improve the quality of life of patients, occurrence of a biomaterial 

related infection is still a serious health threat to the individual patient. Biomaterial-

associated infections are caused by bacterial biofilm formation, which results in an 

increased bacterial resistance against antimicrobial treatment. Currently, no 

effective non-invasive technique exists to prevent or treat biofilm infections 

associated with medical implants. Systemic antibiotics predominantly attack a 

biofilm 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 extracellular polymeric substances (EPS). This constitutes 

the main reason why infected biomaterials implants nearly always have to be 

removed.   

Ideally, to prevent biofilm infection on implant surfaces, a high concentration of an 

effective antibiotic should be achieved around an implant immediately after surgery 

to eradicate planktonic bacteria, present as a result of inevitable bacterial 

contamination during surgery. To achieve these high antibiotic concentrations 

without systemic side effects, local drug delivery systems can be used. In recent 

years, research focused increasingly on physical methods that can affect bacterial 

adhesion, growth and even disrupt established biofilms. One of these methods is 

the “bio-acoustic effect”,18 which refers to application of pulsed ultrasound in 

combination with an antibiotic in order to increase the efficacy of antibiotics against 

biofilm bacteria.19,20,26 

In orthopedics, antibiotic-loaded acrylic bone cements and gentamicin-loaded 

acrylic beads are used as local drug delivery systems to prevent or treat infections 

of joint arthroplasties. Nevertheless, gentamicin-loaded bone cement is not an 

effective local drug delivery system in terms of antibiotic release with an antibiotic 

release of only 15% of the antibiotic incorporated. Release of sub inhibitory 

concentrations follows over time, hypothetically contributing to the development of 

gentamicin resistance among infecting bacteria. Furthermore, it has been shown 
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that antibiotic-releasing bead surfaces, although used a carrier for the antibiotic, 

are also prone to infection themselves.1,11  

 

Aim and results 

The aim of this thesis was therefore to improve the prevention and treatment of 

infected hip-and knee arthroplasties by investigating whether antibiotic release by 

the local drug delivery systems used in orthopedics could be improved and 

whether pulsed ultrasound in combination with an antibiotic yields an increased 

killing of bacterial biofilms on implant surfaces.  

The combined results of the studies in this thesis underline that prevention and 

treatment of prosthetic joint infection can be improved. First, it was shown that 

antibiotic release resulted in bacterial killing and reduction of biofilm formation. 

Second, higher antibiotic release and gentamicin release combined with a second 

antibiotic resulted in a higher and more prolonged antimicrobial inhibition, 

increased antimicrobial efficacy and decreased biofilm formation with killing of the 

adhering bacteria adjacent to the surface, even against a gentamicin-resistant 

bacterial strain. This means that the choice which antibiotic-loaded bone cement to 

use influences bacterial survival. Third, it was shown that antibiotic release from 

bone cements could be accelerated; although application of ultrasound proved to 

increase antibiotic release marginally on gentamicin-loaded bone cement, 

ultrasound increased antibiotic release substantially on gentamicin-loaded beads 

and gentamicin/clindamycin-loaded bone cement. These differences in antibiotic 

release between various antibiotic-loaded bone cements and beads could be 

explained by differences in mechanical structure, as antibiotic release from bone 

cements originates from the surface only, whereas antibiotic release from beads 

originates from an interconnecting network. These findings explain why antibiotic 

release from pre-fabricated gentamicin-loaded beads could not be equalled with 

hand-mixed beads from bone cement in other studies. Fourth, antibiotic release 

proved to be more effective when combined with application of ultrasound; 



General discussion 

 

 

 117

ultrasound decreased bacterial viability of both planktonic and biofilm bacteria of 

clinical isolates in vitro (except for P. aeruginosa) and tested on an E. coli strain in 

vivo. Fifth, the latter study showed that ultrasound could be safely applied in vivo. 

Finally, 2 studies in this thesis indicated that both application of ultrasound, as 

addition of a second antibiotic to bone cement could increase bacterial killing on 

gentamicin-resistant strains. This could be an important finding in the light of the 

increased occurrence of these strains in prosthesis-associated infections in clinical 

practice.12,14,21,25  

In conclusion, the experimental models in this thesis indicate that prevention and 

treatment of infected hip-and knee arthroplasties can still be improved by the 

choice which bone cement to use, and by the future choice whether or not to 

combine this with application of ultrasound. Usage of antibiotic-loaded bone 

cement should be easier considered in clinical practice, especially as no causative 

relationship between usage of antibiotic-loaded bone cement and occurrence of 

antibiotic strains has been shown yet. Application of ultrasound could be interesting 

for future use, especially in the early postoperative period, when antibiotic release 

from antibiotic-loaded bone cement is the highest and planktonic bacteria present 

around a prosthesis, as result from inevitable contamination during surgery, try to 

form a biofilm. Fortunately, all biomaterials, antibiotics and ultrasound settings 

used in this thesis are in clinical usage, but not yet combined in clinical practice. 

 

Mechanism of antibiotic release 

The study in chapter 5 of this thesis was focused on similarities, and more 

importantly, differences in material structure of gentamicin- and 

gentamicin/clindamycin-loaded bone cements and gentamicin-loaded beads. For 

antibiotic-loaded bone cement no antibiotic release was observed from the bulk of 

the bone cements, whereas gentamicin-loaded beads showed to have a porous 

interconnecting network paved with small gentamicin particles. Therefore 

gentamicin leakage from incidental cracks and voids is a more logical explanation 

for any sustained low gentamicin release than slow diffusion through the bulk of the 
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cement.2 For antibiotic-loaded bone cements tested in this thesis, differences in the 

amount and size of antibiotic particles on the surface seemed to affect the amount 

of total antibiotic release. We therefore hypothesize that the increase in antibiotic 

release by ultrasound can be considered an acceleration of the diffusion-controlled 

antibiotic release from the surface, and not an increase in total antibiotic release. 

The mechanism of this accelerated antibiotic release was suggested to originate 

from microstreaming or localized temperature rise by ultrasound.9  Microstreaming 

was defined as a result of stable cavitation caused by high and low pressure areas 

in a fluid which could enhance solute transport.20 Localized temperature rise could 

possibly be an explanation for a small increase in antibiotic release for the 

gentamicin-loaded bone cements in Chapter 2, as a temperature rise of 3 ˚C at the 

sample would theoretically result in a similar increase in gentamicin release as 

caused by ultrasound. Following experiments on gentamicin/clindamycin bone 

cement and gentamicin-loaded beads showed an increase in antibiotic release of 

around 10%, which could not be explained by a small temperature rise at the 

sample site in an experimental model which aimed at minimizing temperature 

differences by placing test tubes in a water bath. These findings virtually exclude 

that accelerated antibiotic release can be explained solely by temperature rise 

caused by ultrasound. 

Application of ultrasound can increase antibiotic concentrations of 

gentamicin/clindamycin-loaded bone cement and gentamicin-loaded beads around 

a prosthesis or infection site in a  needed clinical situation. The differences found in 

mechanical structure between gentamicin-loaded bone cement and beads show 

that hand mixed bone cements with high amounts of antibiotic should not be 

compared in structure, nor in antibiotic release to prefabricated gentamicin-loaded 

beads. These findings should be taken into account in clinical practice and for 

further research improving antibiotic-loaded bone cement and beads.  
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Mechanism of bioacoustic effect 

The bioacoustic effect is attributed to the hypothesis 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 This means 

that higher gentamicin concentrations could be reached within the biofilm with 

application of ultrasound.       

This thesis explored the effect of ultrasound in combination with the controlled 

release of antibiotics from antibiotic-loaded bone cements and clinical isolates. 

Antibiotic release in combination with ultrasound proved to be effective tested in 

both an in vitro model and in an in vivo model. This is an important finding as 

biofilms formed on biomaterials-related infection are usually much more difficult to 

treat, as biofilms increase antibiotic resistance compared to planktonic bacteria.22 

Ultrasound did decrease bacterial viability on several clinical bacterial isolates 

retrieved from biomaterial related infections, but one; ultrasound did not 

additionally reduce bacterial viability of P. aeruginosa. Previous research showed 

that ultrasound increased antibiotic efficacy on P. aeruginosa in planktonic 

solution,17 but not in biofilm.4 Higher acoustic intensities may be required for P. 

aeruginosa to reach a bioacoustic effect comparable with other bacterial strains4 

despite the fact that ultrasound was reported to increase the amount of gentamicin 

in P. aeruginosa biofilm, as in E. coli.3 The known high EPS formation of P. 

aeruginosa, which was even suggested to increase with exposure to an antibiotic,15 

might decrease the effect of ultrasound compared to other bacterial strains. The 

challenge ahead is to decrease bacterial viability on P. aeruginosa and possible 

other “bioacoustic-resistant” strains. 
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Future research in this field 

Based on the studies in this thesis, a number of fields could be further explored: 

• None of the studies in this thesis was performed with usage of volumes in 

proportion of a prosthesis-related interfacial gap10 to study the actual in vivo 

volumes and concentrations which applies to real anatomical proportions. Using 

a gap model would probably result in higher antibiotic concentrations and 

higher bacterial killing, because volumes applied are much smaller.  

• Gentamicin/clindamycin-loaded and gentamicin-loaded bone cement are 

compared in this thesis in an experimental set-up. A next comparison would be 

to start a prospective randomized-controlled (multi-centre) study to compare the 

clinical outcome of these two groups. To study this with groups of patients 

indicated for a revision arthroplasty will require smaller groups.  

• Development of gentamicin/clindamycin beads could, for the same reasons that 

gentamicin/clindamycin was developed, contribute to prevention and treatment 

of prosthetic joint infection.   

• The long-lasting, low antibiotic release from gentamicin-loaded bone cement 

has not been considered to be therapeutically effective, but more importantly, it 

has been associated with the development of gentamicin-resistant bacteria, 1,16 

which has been recognized as an emerging clinical problem.24 Despite this, a 

clear causative relationship between low antibiotic release and the occurrence 

of gentamicin resistance has not yet been shown, and should therefore be 

further explored.  

• Usage of pulsed ultrasound, as in this thesis, was found to be safe in vivo, 

although previously continuous, higher power levels gave rise to skin 

problems.6,19 Exploration of ultrasound parameters, like frequency, acoustic 

intensity, duty cycle and duration of treatment should clarify whether optimal 

ultrasound settings have been achieved. The frequency of the applied 

ultrasound in this thesis was based and limited on the resonance frequencies of 

the ultrasound transducers. The mean acoustic intensity used was based on 

previous research in which pulsed ultrasound in a 1:3 duty cycle was applied 
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with a mean acoustic intensity of 500 mW/cm2. Previously, prolongation of 

application of ultrasound improved the killing of bacteria in biofilm significantly,4 

therefore extending the duration of application of ultrasound may further 

improve bacterial killing. Optimized ultrasound settings could possibly result in 

reduction of bacterial viability of P. aeruginosa, for which ultrasound did not 

additionally reduce bacterial viability. 

• Application of ultrasound in combination with antibiotic release as explored is 

aimed at reducing bacterial biofilm formation. Therefore it should be explored if 

other studies which also focus on physical methods that affect bacterial 

adhesion and bacterial growth or that disrupt established biofilms, can 

additionally support these aims. Usage of positively charged surfaces,8 coatings 

with poly(ethylene oxide) (PEO) brushes,23 air bubble-induced detachment of 

bacteria,7 bio-electric effects5 and bio-magnetic effects13 can be suggested. 

Finally, the most significant next step resulting from this thesis is to develop an 

experimental set-up which tests the effects of ultrasound in combination with 

antibiotic release in a clinical situation. The biomaterials, antibiotics, and ultrasound 

used in this thesis are all in clinical usage, but not yet combined in clinical practice. 

  

Implications for other medical fields 

In this thesis antibiotic release of antibiotic-releasing biomaterials was combined 

with local application of ultrasound. This proved to be successful in experimental 

set-ups designed for orthopedics. Unfortunately, experiments in this thesis were 

confined to just this medical field, while other medical fields were not yet explored. 

Therefore it should be stated in this general discussion that clinical usage of 

ultrasound in combination with antibiotics can in general be successful in other 

medical fields where (high levels of) antibiotics can be combined with locally 

applied ultrasound. For now, there is no reason to assume that application in other 

clinical settings would not be successful when these 2 conditions are met. In fields 

where infection treatment can be considered difficult, application of ultrasound in 
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combination with antibiotic release could be of great importance, for instance in 

immuno-compromised patients with diabetic ulcers, problematic wound healing, or 

infected vascular grafts. In patients with diabetic ulcers or problematic wound 

healing antibiotic concentrations around a wound are reduced compared to a 

healthy foot. With application of ultrasound systemically administered antibiotics 

could be made more effective, especially when antibiotic-loaded spacers can be 

applied locally, as in vascular graft infections which can be treated as aggressively 

as possible with necrotectomy, systemic antibiotics, and antibiotic-loaded spacers. 

All these applications could be made more effective in combination with ultrasound. 
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Summary 

Although application of biomaterials has been one of the major assets in modern 

medicine to improve the quality of life of patients in general, occurrence of a 

biomaterial-associated infection can be considered a serious health problem for the 

individual patient. Drastic measures are most of the times necessary to overcome 

the consequences of biomaterial-associated infection, which may vary from 

malfunction of the biomaterials to even lethal sepsis.  

 

In Chapter 1 the increasing application of biomaterials to support or restore human 

body function is discussed, including the risk of biomaterials’ infection. Biomaterial-

associated infections are caused by biofilm formation of bacteria, which results in 

an increased bacterial resistance against antimicrobial treatment when compared 

to bacterial resistance of “regular” (planktonic) infections. Ideally, to prevent biofilm 

infection on implant surfaces, a high concentration of an effective antibiotic should 

be achieved around an implant immediately after surgery to eradicate planktonic 

bacteria, present as a result of inevitable bacterial contamination during surgery.  

Research in this thesis focused on (two) currently applied biomaterials used in 

orthopedics; (antibiotic-loaded) acrylic bone cements and gentamicin-loaded 

acrylic beads. (Antibiotic-loaded) bone cement is used as mechanical filler in bone 

to anchor prosthetic components and gentamicin-loaded beads are loosely placed 

in infected bone cavities used to treat osteomyelitis and infections between two-

stage joint revision surgeries. Both biomaterials are used as local drug delivery 

systems to decrease infection rates by antibiotic release and have both been 

modeled as biomaterials consisting of an insoluble matrix with pores and channels 

in the bulk through which gentamicin can elute through diffusion. Nevertheless, 

antibiotic release is far from ideal, both in total release as in release pattern, for its 

function of a local drug delivery system. Gentamicin-loaded bone cement releases 

only 15% of the antibiotic incorporated in a high initial release, followed by sub 

inhibitory release over time, possibly contributing to the development of gentamicin 

resistance among infecting bacteria, whereas gentamicin-loaded beads release up 
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to 70% of their antibiotic content in 14 days. Therefore, finding ways to increase or 

accelerate antibiotic release could be beneficial in improving prevention and/or 

treatment of biomaterial-associated infection in orthopedics. Another way to 

improve prevention and/or treatment of biomaterial-associated infection was 

explored by W.G. Pitt et al. in the USA, focusing on increasing the efficacy of the 

antibiotic itself by combining it with application of ultrasound. Both ways could 

possibly be of use in improving prevention and/or treatment of biomaterial-

associated infection in orthopedics.  

The aim of this thesis is to improve the prevention and treatment of infected hip-

and knee arthroplasties by investigating whether antibiotic release by the local drug 

delivery systems used in orthopedics could be improved and whether pulsed 

ultrasound in combination with an antibiotic yields an increased killing of bacterial 

biofilms on implant surfaces. This thesis consists of 5 in vitro studies and 1 in vivo 

study. 

 

The objective of the study in Chapter 2 was to establish whether application of 

ultrasound affected antibiotic release from gentamicin-loaded bone cements. 

Samples were made of three commercially available gentamicin-loaded bone 

cements (Palacos R-G, Palamed G and CMW 1). Part of the tested samples were 

fresh, similar to their condition at the moment of implantation in the clinic, another 

part of the tested samples was allowed to release gentamicin for 3 weeks before 

insonation, to simulate antibiotic release after a certain period of implantation in the 

human body. The pulsed ultrasound was produced by an ultrasound transducer 

(46.5 kHz, 1:3 duty cycle, average acoustic intensity 167 mW/cm2) for 18 h. 

Samples not exposed to ultrasound were used as control. The amount of 

gentamicin released was measured by fluorescence polarization immuno-assay. A 

limited increase in gentamicin release upon application of ultrasound was recorded 

in fresh samples, but not in samples that had previously released gentamicin for 3 

weeks. This effect of ultrasound on antibiotic release for fresh samples was 

statistically significant in a linear regression model. The mechanism behind these 
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observations is not clear, but it is suggested that microstreaming or localized 

temperature rise by ultrasound may be involved.  

 

The objective of the study in Chapter 3 was to investigate the effect of pulsed 

ultrasound on gentamicin release from gentamicin-loaded beads (Septopal) and to 

compare this with the previously tested brands of gentamicin-loaded bone cement.  

Pulsed ultrasound significantly enhanced gentamicin release from gentamicin-

loaded beads, in contrast to the gentamicin-loaded bone cements. Mercury 

intrusion porosimetry showed that the number of pores between 0.1 and 0.01 μm 

increased after gentamicin release in beads, while in bone cements no increase in 

the number of pores in this pore-size range was found. Therefore, increased 

gentamicin release in beads due to ultrasound may be explained by 

microstreaming in a porous structure, whereas absence of changes in pore 

structure after gentamicin release in bone cement is concurrent with the lack of an 

enhanced release of the antibiotic by ultrasound. As an effective treatment of 

infections requires high local concentrations of antibiotic, increased gentamicin 

release due to ultrasound may be of clinical significance, especially since bacterial 

killing due to antibiotic release is further increased upon application of ultrasound. 

 

The objective of the study in Chapter 4 was to compare antibiotic release, 

antimicrobial efficacy and biofilm formation of gentamicin/clindamicin-loaded Copal 

bone cement and of gentamicin-loaded Palacos R-G bone cement. Copal bone 

cement is designed for revision cases and was recently introduced onto the 

European market. This bone cement was developed as a response to the 

emerging occurrence of gentamicin-resistant strains found in prosthetic infections, 

and for that reason a second antibiotic, such as clindamycin, was added to the 

bone cement. The polymer matrix of Copal is considered to be similar to that of 

Palacos R-G bone cement. In this study, antibiotic release from Copal bone 

cement proved to be more effective than from Palacos R-G as 65.1% of the 

clindamycin and 40.5% of the gentamicin incorporated in Copal is released after 
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672 h, whereas for Palacos R-G only 4.4% of the gentamicin incorporated is 

released after 672 h. This indicates that release of subinhibitory antimicrobial 

concentrations might be postponed for Copal. The better release characteristics of 

Copal resulted in a higher and prolonged antimicrobial inhibition against a 

gentamicin sensitive Staphylococcus aureus and a gentamicin-resistant CNS. 

Plate counting and confocal scanning laser microscopy of biofilms grown on the 

various bone cements showed that antibiotic release from bone cement reduced 

bacterial viability, most notably close to the cement surface as could be shown in 

this study for Palacos R-G, and resulted in changes of biofilm thickness. Copal was 

much more effective in decreasing biofilm formation than Palacos R-G. Strikingly, 

large extracellular polymeric substances were formed between day 1 and day 7 on 

antibiotic-loaded bone cements, even with low numbers of living bacteria. This 

study shows that biofilm formation on bone cement could be more effectively 

reduced by releasing higher gentamicin concentrations in combination with release 

of a second antibiotic preventing implant infection by reaching higher antibiotic 

concentrations at any stage.  
 

Previous studies showed differences in release patterns of gentamicin-loaded 

beads and gentamicin-loaded bone cement, and between gentamicin-loaded and 

gentamicin/clindamycin-loaded bone cement as addition of a second antibiotic, as 

in gentamycin/clindamycin-loaded Copal remarkably also increased gentamicin 

release. The objective of the study in Chapter 5 was therefore to analyze the 

structural differences between these biomaterials. For that purpose scanning 

electron microscopy and mercury intrusion porosimetry were used. For antibiotic-

loaded bone cements, scanning electron microscopy showed voids on the surface 

after antibiotic release that had been absent prior to antibiotic release, indicating 

antibiotic release from the surface of the bone cements. The voids after antibiotic 

release were larger for gentamicin/clindamycin-loaded bone cement than for 

gentamicin-loaded bone cement. In contrast to the bone cements, gentamicin was 

also released from the bulk of the beads. Therewith this study indicates that 
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compared to gentamicin-loaded bone cements, antibiotic release can be stimulated 

by the use of larger antibiotic particles, as for Copal, or by fabrication of 

interconnecting pores in the cement, as for Septopal beads. This study furthermore 

underlines that mixing of bone cement with high amounts of antibiotic can not be 

compared to prefabricated gentamicin-loaded beads which have a porous structure 

in contrast to bone cements. These findings should be taken into account in clinical 

practice and for further research improving antibiotic-loaded bone cement and 

beads.      

 

The objective of the study in Chapter 6 was to investigate whether viability of 

bacteria derived from patients with a prosthesis-related infection could be further 

decreased when antibiotic release from bone cements was combined with 

application of pulsed ultrasound. To this end, Escherichia coli ATCC 10798, 

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

Pseudomonas aeruginosa 5148 were grown planktonically in suspension and on 

three bone cements (Palacos R without gentamicin as control, gentamicin-loaded 

Palacos R-G and gentamicin/clindamycin-loaded Copal) in biofilm, by immersing 

these bone cement samples in growing suspensions of bacteria in TSB. E. coli 

ATCC 10798 was used in previous studies on ultrasound and was therefore 

included. The viability of planktonic and biofilm bacteria was measured in the 

absence and presence of pulsed ultrasound (46.5 kHz, 1:3 duty cycle, average 

acoustic intensity 167 mW/cm2) for 40 h. Ultrasound itself did not affect bacterial 

viability. However, application of pulsed ultrasound in combination with antibiotic 

release of antibiotic-loaded bone cements yielded a reduction of both planktonic 

and biofilm bacterial viability compared to antibiotic release without application of 

ultrasound on all bacterial strains included, with the exception of P. aeruginosa. 

This study shows that antibiotic release in combination with ultrasound increases 

the antimicrobial efficacy even further than antibiotic release alone against a 

variety of clinical isolates. Application of ultrasound in combination with antibiotic 
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release in clinical practice could therefore lead to better prevention or treatment of 

prosthesis-related infections. 
 

The objective of the in vivo study in Chapter 7 was to investigate whether pulsed 

ultrasound in combination with gentamicin release decreased bacterial viability in 

biofilms on bone cements compared to gentamicin release alone. To this end, 

bacterial survival on bone cement in the presence and absence of ultrasound was 

compared in an animal model with rabbits. Two bone cement samples with E. coli 

ATCC 10798 biofilm were implanted per rabbit. Either ultrasound was applied in 

combination with gentamicin release from gentamicin-loaded bone cement (two 

groups; freshly prepared samples or samples after immersion for 14 days), or in 

combination with systemically administered gentamicin. Pulsed ultrasound (28.48 

kHz, 1:3 duty cycle, average acoustic intensity 167 mW/cm2) was applied 

continuously from 24 h till 72 h post surgery on one of the two implanted disks, 

while the other disk was used as (negative) control. After euthanization and 

removal of the bacteria from the disks, the numbers of viable bacteria were 

quantified and skin samples were analyzed for histopathological examination. 

Ultrasound resulted in a tendency of improved efficacy of gentamicin, either 

applied locally or systemically. Application of ultrasound, combined with 

gentamicin, reduced the viability of the biofilms in all three groups varying between 

58 to 69% compared to the negative control. As histopathological exams showed 

no skin lesions, usage of ultrasound proved to be safe in this model. This study 

implies that ultrasound could improve the prevention of infection immediately after 

surgery, especially because the biomaterials, gentamicin and ultrasound used in 

this model are all in clinical usage, but not yet combined in clinical practice.     

 

In Chapter 8 the results of this thesis are discussed in general terms. The 

experimental models in this thesis indicate that the choice whether or not to use a 

local drug delivery system and the type of local drug delivery system influences 

bacterial survival around a prosthesis. These studies furthermore imply that 



Summary 

 

 

 135

ultrasound improves the prevention or treatment of infection immediately after 

surgery, as application of ultrasound is safe, increases antibiotic release in 

gentamicin-loaded beads and gentamicin/clindamycin-loaded bone cements and 

decreases bacterial viability further compared to antibiotic release alone. 

Importantly, ultrasound seems to be effective on many clinical isolates, including a 

gentamicin-resistant strain. It is therefore suggested that, when antibiotic-loaded 

bone cement is used, ultrasound should be applied in the early postoperative 

period, when antibiotic release is the highest. Furthermore, the mechanisms of 

antibiotic release and bio-acoustic effect, suggestions for further research in this 

field, and implications of this thesis for other medical fields are discussed.  

 

The most important next step is to develop an experimental set-up which tests the 

effects of ultrasound in combination with antibiotic release in a clinical situation. 

Clinical usage of ultrasound in combination with antibiotics can in general be 

successful in other medical fields when (high levels of) antibiotics can be combined 

with locally applied ultrasound, for instance in patients with diabetic ulcers, infected 

vascular grafts, or in immuno-compromised patients. 
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Samenvatting 

 

Hoewel de toepassing van biomaterialen binnen de geneeskunde de kwaliteit van 

leven van patiënten heeft verbeterd, kan het optreden van een 

biomateriaalgeassocieerde infectie als een ernstige complicatie beschouwd 

worden. Vaak zijn drastische maatregelen nodig om de consequenties van deze 

infecties, die variëren van disfunctie van het biomateriaal tot het optreden van 

dodelijke sepsis, tegen te gaan.  

 

Het onderzoek in dit proefschrift is vooral gericht op biomaterialen die in de 

orthopedie worden toegepast: antibioticahoudend botcement en 

gentamicinehoudende kralen. Het doel van dit proefschrift is om de preventie- en 

behandelingsmogelijkheden van geïnfecteerde heup- en knie-prothesen te 

vergroten door te onderzoeken of de tegenwoordig toegepaste systemen voor 

locale antibiotica-afgifte verbeterd kunnen worden, en of de toepassing van 

ultrageluid in combinatie met antibiotica-afgifte de bestrijding van biofilm infecties 

op biomaterialen verbeterd. Het hieruit voortvloeiende proefschrift bestaat uit vijf in 

vitro studies en één in vivo studie. 

 

In Hoofdstuk 1 wordt de brede toepassing van biomaterialen ter ondersteuning en 

herstel van lichaamsfuncties besproken, alsmede het risico op het optreden van 

een biomateriaalgeassocieerde infectie. Een biomateriaalgeassocieerde infectie 

wordt veroorzaakt door de vorming van een biofilm van bacteriën op een 

biomateriaal. Een biofilm heeft een fors verhoogde bacteriële resistentie in 

vergelijking met “normale”, planktonische, bacteriële infecties. Idealiter zou direct 

postoperatief een hoge antibioticaconcentratie rond een prothese bereikt moeten 

worden om de, ten gevolge van contaminatie tijdens de operatie, onvermijdelijk 

aanwezige planktonische bacteriën te bestrijden om zo te voorkomen dat zich een 

biofilm vormt en zich een infectie ontwikkelt.  
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Het voorkomen en behandelen van prothesegeassocieerde infecties is in dit 

proefschrift onderzocht bij biomaterialen die tegenwoordig in de orthopedie worden 

toegepast: botcement en gentamicinehoudende kralen. Botcement met of zonder 

antibiotica wordt gebruikt als een mechanisch vulmiddel om daarmee 

prothesecomponenten te verankeren. Gentamicinehoudende kralen worden losjes 

geplaatst in geïnfecteerde locaties in botholten en weke delen om osteomyelitis en 

weke delen infecties te kunnen bestrijden zoals tussen de twee operaties door bij 

revisiechirurgie.  

Beide biomaterialen zorgen voor lokale antibiotica-afgifte met als doel het verlagen 

van de infectiepercentages. Van beide biomaterialen wordt aangenomen dat ze 

bestaan uit een min of meer ondoordingbare polymeer waarbij echter door 

aanwezige gaten en kanaaltjes in de matrix gentamicine zou kunnen diffunderen. 

Desondanks verloopt deze antibiotica-afgifte van een materiaal, dat (mede) als 

functie heeft de antibiotica lokaal af te geven, verre van ideaal, zowel wat betreft 

de totale hoeveelheid afgegeven antibiotica in de tijd, als in het patroon van 

antibiotica-afgifte. Gentamicinehoudend botcement geeft slechts 15% van de totaal 

aanwezige hoeveelheid antibiotica af, waarbij een hoge initiële antibiotica-afgifte 

wordt gevolgd door een lage antibiotica-afgifte in niet-bacteriedodende 

concentraties die mogelijkerwijs zouden kunnen bijdragen aan het ontstaan van 

gentamicineresistentie bij bacteriën. Het contrast met de antibiotica-afgifte van 

gentamicinehoudende kralen is groot (70% van de totaal aanwezige antibiotica 

wordt afgeven in de eerste 14 dagen).  

Het vinden van manieren om de antibiotica-afgifte te verhogen danwel te 

versnellen zou interessant kunnen zijn bij deze toepassingen. De onderzoeksgroep 

onder leiding van W.G. Pitt (Utah, Verenigde Staten) heeft zich juist gericht op het 

verhogen van de effectiviteit van antibiotica. Hierbij werd de afgifte van antibiotica 

gecombineerd met het gelijktijdig toepassen van ultrageluid. Beide hierboven 

beschreven concepten zouden kunnen bijdragen tot een betere preventie, danwel 

behandeling van biomateriaalgeassocieerde infecties in de orthopedie. 
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Het doel van de studie in Hoofdstuk 2 was om vast te stellen of de toepassing van 

hierboven genoemd ultrageluid invloed heeft op de antibiotica-afgifte van 

gentamicinehoudende botcementen. Dit werd getest met drie verschillende 

commercieel verkrijgbare gentamicinehoudende botcementen, te weten Palacos 

R-G, Palamed G en CMW. Hierbij werden deze botcementen in twee verschillende 

configuraties getest: versgefabriceerd botcement zoals dit in de patiënt wordt 

geïmplanteerd, en uitgelekt botcement (na drie weken antibiotica-afgifte in een 

fysiologische zoutoplossing) om de antibiotica-afgifte te simuleren na een periode 

van implantatie in het menselijke lichaam. 

Het botcement werd gedurende 18 uur blootgesteld aan het ultrageluid (46.5 kHz, 

1:3 pulstrein, met een gemiddelde akoestische intensiteit van 167 mW/cm2). 

Botcement dat niet werd blootgesteld aan ultrageluid diende als controlegroep. 

Een beperkte toename in gentamicineafgifte na blootstelling aan ultrageluid werd 

gemeten bij versgefabriceerd botcement. Deze toename werd niet gezien bij 

uitgelekt botcement. De beperkte toename van antibiotica-afgifte bij 

versgefabriceerd botcement bleek statistisch significant in een lineair regressie 

model. De toename in afgifte door ultrageluid zou op microstroming of een lokale 

temperatuurstijging kunnen berusten. 

 

Hieropvolgend werd in Hoofdstuk 3 onderzocht wat het effect van blootstelling 

aan ultrageluid is op de gentamicineafgifte van gentamicinehoudende kralen 

(Septopal). Dit werd vergeleken met de eerdere testresultaten van de 

gentamicinehoudende botcementen. Blootstelling aan ultrageluid bleek de 

gentamicineafgifte van gentamicinehoudende kralen aanzienlijk te vergroten, dit in 

tegenstelling tot de afgiftetoename bij de gentamicinehoudende botcementen. 

Daarnaast werden in deze studie ook de veranderingen die optreden na 

gentamicineafgifte aan het oppervlak van deze biomaterialen bestudeerd. 

Kwikporosimetrie, een meetmethode waarbij de distributie en de grootte van gaten 

aan het oppervlak van een materiaal gemeten kan worden, liet zien dat bij kralen 

het aantal gaten aan het oppervlak tussen 0.1 and 0.01 μm was toegenomen na 
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gentamicineafgifte, terwijl bij de botcementen geen toename in het aantal en 

distributie van gaten aan het oppervlak werd gezien. Derhalve werd in deze studie 

gesuggereerd dat de toename van gentamicineafgifte na blootstelling aan 

ultrageluid in gentamicinehoudende kralen verklaard zou kunnen worden door het 

optreden van microstroming in een poreuze structuur. Aangezien een effectieve 

behandeling van een infectie vraagt om hoge antibioticaconcentraties ter plaatse 

van de infectie kan een verhoogde afgifte van gentamicine door ultrageluid van 

klinische betekenis zijn, temeer het gelijktijdig toepassen van ultrageluid het 

bacteriedodende effect van antibiotica nog verder zou kunnen doen toenemen. 

 

In Hoofdstuk 4 werden de antibiotica-afgifte, antimicrobiële effectiviteit en 

biofilmvorming van gentamicine/clindamycine-houdend Copal botcement 

vergeleken met die van gentamicinehoudend Palacos R-G botcement. Copal is 

een recent op de Europese markt geïntroduceerd botcement en het is ontwikkeld 

voor gebruik bij revisiechirurgie. Hierbij is een tweede antibioticum toegevoegd aan 

het botcement, omdat gentamicineresistente bacteriestammen in toenemende 

mate worden aangetroffen in prothesegeassocieerde infecties. In deze studie bleek 

de antibiotica-afgifte van Copal botcement effectiever te zijn dan de afgifte van 

Palacos R-G: bij Copal werd maar liefst 65,1% van de totale hoeveelheid 

clindamicine en 40,5% van de totale hoeveelheid gentamicine afgegeven in 672 

uur, terwijl dit bij Palacos R-G slechts 4,4% van de totale hoeveelheid gentamicine 

betrof in dezelfde tijdsduur. 

Verder laat deze studie zien dat de vorming van een biofilm op het botcement 

effectiever verminderd kan worden door hogere gentamicineconcentraties af te 

geven in combinatie met afgifte van een tweede antibioticum. De betere 

afgiftekarakteristieken van Copal resulteren in toegenomen en langduriger 

antimicrobiële werking tegen een gentamicinegevoelige Staphylococcus aureus en 

een gentamicineresistente CNS. Tellen van bacteriën op plaat en bestudering van 

de biofilm met een confokale lasermicroscoop (de biofilm werd na kleuring onder 

de microscoop in beeld gebracht) liet daarbij op verschillende botcementen zien 
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dat antibiotica-afgifte door botcement de levensvatbaarheid van bacteriën 

daadwerkelijk vermindert. Dit was het duidelijkst zichtbaar dicht bij het 

botcementoppervlak, resulterend in een verandering van de dikte van de biofilm. 

Hierbij bleek dat Copal veel effectiever was in het verminderen van de biofilmdikte 

op het botcement dan Palacos R-G. Opvallend was hierbij dat bij biofilmreductie de 

matrix van de biofilm (EPS) wel toenam tussen dag 1 en dag 7, zelfs wanneer het 

aantal levende bacteriën op het oppervlak laag was.  

 

Eerdere studies lieten verschillen in afgiftepatroon van gentamicinehoudende 

kralen en gentamicinehoudend botcement zien, evenals verschillen tussen 

gentamicinehoudend en gentamicine/clindamycine-houdend botcement, waarbij de 

toevoeging van een tweede antibioticum (clindamycine in het geval van Copal) ook 

de gentamicineafgifte deed toenemen. Daarom was het doel van de studie in 

Hoofdstuk 5 de verschillen in structuur tussen deze biomaterialen te analyseren. 

Om dat te onderzoeken werd elektronenmicroscopie en kwikporosimetrie 

toegepast. Elektronenmicroscopie liet zien dat er gaten ontstonden aan het 

oppervlak van de antibioticahoudende botcementen na antibiotica-afgifte. Deze 

gaten waren afwezig voor antibiotica-afgifte. Dit lijkt erop te wijzen dat antibiotica-

afgifte plaatsvindt vanaf het oppervlak. De ontstane gaten na antibiotica-afgifte 

waren groter bij gentamicine/clindamycine-houdend botcement in vergelijking met 

gentamicinehoudend botcement. In tegenstelling tot bij de botcementen wordt bij 

kralen gentamicine ook afgegeven vanuit de diepte van het materiaal. Hiermee lijkt 

deze studie aan te tonen dat, in vergelijking met gentamicinehoudende 

botcementen, antibiotica-afgifte gestimuleerd kan worden door gebruikmaking van 

grotere antibioticumpartikels (Copal botcement) of door gebruikmaking van een 

onderling verbonden netwerk in het biomateriaal (Septopal kralen). Verder wordt in 

deze studie duidelijk dat botcement vermengd met grote hoeveelheden antibiotica 

niet vergeleken kan worden met geprefabriceerde gentamicinehoudende kralen die 

wel een poreuze structuur hebben mét daarmee antibiotica-afgifte uit de diepte van 

het biomateriaal. Deze bevindingen moeten, zowel in de klinische praktijk als bij 
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vervolgonderzoek die als doel hebben de antibioticahoudende botcement en kralen 

te verbeteren, in acht genomen worden.  

 

Het doel van de studie in Hoofdstuk 6 was om te bestuderen of, getest op 

bacteriën afkomstig van patiënten met prothesegeassocieerde infecties, de 

levensvatbaarheid van bacteriën verder vermindert kon worden wanneer 

antibiotica-afgifte van botcementen gecombineerd werd met gelijktijdige toepassing 

van ultrageluid. Voor dit doel werden Escherichia coli ATCC 10798, 

Staphylococcus aureus 7323, CNS 7368, (gentamicineresistent) CNS 7391 en 

Pseudomonas aeruginosa 5148 gebruikt in combinatie met drie botcementen 

(gentamicinehoudend Palacos R-G, gentamicine/clindamycine-houdend Copal en 

Palacos R zonder gentamicine als controlegroep). De bacteriën werden getest in 

planktonische fase en in biofilmgroei. De levensvatbaarheid van deze bacteriën bij 

aan- en afwezigheid van ultrageluid (46.5 kHz, 1:3 pulstrein, met een gemiddelde 

akoestische intensiteit van 167 mW/cm2) gedurende 40 uur.  

Blootstelling aan ultrageluid zonder antibiotica-afgifte sorteerde geen effect op de 

levensvatbaarheid van de geteste bacteriën. Echter, toepassing van ultrageluid in 

combinatie met antibiotica-afgifte van antibioticahoudend botcement zorgde voor 

een afname van zowel de bacteriën in planktonische fase als van de bacteriën in 

biofilm in vergelijking met blootstelling aan antibiotica zonder toepassing van 

ultrageluid. De P. aeruginosa stam vormde hierop een uitzondering.  

Deze studie laat zien dat antibiotica-afgifte in combinatie met toepassing van 

ultrageluid de antimicrobiële effectiviteit bij meerdere klinische stammen vergroot. 

Toepassing van ultrageluid in combinatie met antibiotica-afgifte zou daarom in de 

praktijk kunnen leiden tot een betere preventie en behandeling van 

prothesegeassocieerde infecties.  

 

Het doel van de studie in Hoofdstuk 7 was om in een diermodel te onderzoeken of 

ultrageluid in combinatie met gentamicineafgifte de bacteriële levensvatbaarheid 

van een biofilm op botcement verder liet afnemen in vergelijking met alleen 



Samenvatting 

 

 

 145

gentamicineafgifte. Het toegepaste diermodel betrof een studie met konijnen, 

waarbij per konijn twee botcementmonsters met een E. coli ATCC 10798 biofilm 

werden geïmplanteerd. Ultrageluid werd gecombineerd met gentamicineafgifte van 

gentamicinehoudend botcement of met gentamicineafgifte van systemisch 

(subcutaan) toegediend gentamicine. Er werden twee groepen botcement gebruikt: 

versgefabriceerd botcement en botcement dat was uitgelekt gedurende 14 dagen 

in een fysiologische zoutoplossing om de afgifte na een periode van implantatie te 

simuleren. Een van de twee geïmplanteerde disks werd tussen 24 en 72 uur na de 

operatie blootgesteld aan ultrageluid (28.48 kHz, 1:3 pulstrein, met een 

gemiddelde akoestische intensiteit van 167 mW/cm2), terwijl de andere disk niet 

blootgesteld werd aan ultrageluid om zo als controle(groep) te kunnen dienen. 

Na het doden van het konijn werden de disks verwijderd, waarna het aantal 

levende bacteriën op de disks werd geteld. Verder werden huidmonsters ter 

plaatse van het gecreëerde infect histopathologisch onderzocht. Het toepassen 

van ultrageluid resulteerde in een tendens van verhoogde effectiviteit van de 

gentamicine, zowel wanneer dit lokaal werd afgegeven als wanneer dit systemisch 

was toegediend. Blootstelling aan ultrageluid in combinatie met gentamicine 

verminderde de levensvatbaarheid van de biofilms in alle groepen met 58% tot 

69% in vergelijking met de controlegroep. Aangezien bij histopathologisch 

onderzoek geen huidlaesies werden vastgesteld kon geconcludeerd worden dat de 

toepassing van ultrageluid veilig was in dit onderzoeksmodel. Deze studie 

impliceert dan ook dat toepassing van ultrageluid de preventie van infecties direct 

postoperatief zou kunnen verbeteren. De stap naar gecombineerde toepassing van 

de geteste biomaterialen, gentamicine en ultrageluid lijkt niet ver weg te hoeven 

zijn aangezien deze afzonderlijk allen reeds worden toegepast in de klinische 

praktijk. 

 

In Hoofdstuk 8 worden de resultaten van dit proefschrift beschreven in algemene 

termen. De experimentele modellen in dit proefschrift lijken aan te tonen dat de 

keuze om al dan niet te kiezen voor lokale antibiotica-afgifte, en de keuze met welk 
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materiaal voor antibiotica-afgifte te kiezen, allen van invloed zijn op de bacteriële 

overleving rond een prothese. Deze studies geven verder aan dat ultrageluid de 

preventie en behandeling van infecties kan verbeteren, aangezien: 1) ultrageluid 

veilig is, 2) ultrageluid de antibiotica-afgifte bij gentamicinehoudende kralen en 

gentamicine/clindamycine-houdende botcementen vergroot en 3) ultrageluid in 

combinatie met antibiotica-afgifte de bacteriële levensvatbaarheid verder doet 

afnemen in vergelijking met antibiotica-afgifte zonder ultrageluid. Het is verder van 

groot belang dat ultrageluid effectief lijkt te zijn bij meerdere klinisch relevante 

bacteriestammen, waaronder een gentamicineresistente stam. Dit geeft aan dat, 

wanneer ervoor gekozen wordt om antibioticahoudend botcement te implanteren, 

dit gecombineerd zou kunnen worden met toepassing van ultrageluid in de 

postoperatieve fase wanneer de antibiotica-afgifte van deze biomaterialen het 

hoogst is. Aansluitend worden in dit hoofdstuk de mechanismen van antibiotica-

afgifte, het bio-akoestische effect en de implicaties van de resultaten van dit 

proefschrift voor andere medische deelgebieden besproken.  

De belangrijkste volgende stap is het ontwikkelen van een experimentele 

studieopzet waarbij de effecten van toepassing van ultrageluid gecombineerd met 

antibiotica-afgifte worden toegepast in een klinische situatie. Klinische toepassing 

van ultrageluid kan succesvol zijn in andere medische velden wanneer dit 

gecombineerd wordt met hoge (lokale) antibioticaconcentraties; te denken valt 

hierbij aan bijvoorbeeld de diabetische voet, de geïnfecteerde vaatprothese of aan 

de immuungecompromitteerde patiënt met een lokaal infect.  
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"Thank you for sending me a copy of your book  
I'll waste no time reading it." 
  

Moses Hadas (1900-1966)  
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