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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; 
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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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