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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 



Summary 

 

 

 131

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 



Summary 

 

 

 134

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 
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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. 

 

 
 






