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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 



Chapter 5 

 

 

 72

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.  

 



 Structure of antibiotic-loaded bone cements and beads 

 

 

 75

 
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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