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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 
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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.  

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.010.1110100

pore diameter (µm)

in
tru

de
d 

m
er

cu
ry

 v
ol

um
e 

(m
l/g

)

CMW 1
CMW 1 immersed
Palacos
Palacos immersed
Palamed
Palamed immersed

 
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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