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Abstract

Ica-expression by Staphylococcus epidermidis and slime production depends on 
environmental conditions, such as implant material and presence of antibiotics. 
Here we evaluate biofi lm formation and ica-expression of S. epidermidis strains 
on biomaterials involved in total hip- and knee arthroplasty (polyethylene, 
polymethylmethacrylate, stainless steel). Ica-expression, assayed using real-
time RT-PCR, was highest on polyethylene as confi rmed using CLSM. Yet 
biofi lm formation by S. epidermidis was most extensive on stainless steel, with 
less slime production. Ica-expression and slime production were minimal on 
polymethylmethacrylate. After 3 h continued growth of 24 h old biofi lms in the 
presence of gentamicin, biofi lms on polyethylene showed lower susceptibility to 
gentamicin relative to the other materials, presumably as a result of the stronger 
ica-expression. A higher gentamicin concentration further decreased metabolic 
activity on all biomaterials. It is concluded that the level of biomaterial-induced 
ica-expression does not correlate with the amount of biofi lm formed, but initially 
aids bacteria in surviving antibiotic attacks. Once antibiotic treatment has 
started however, also the antibiotic itself induces slime production and only if its 
concentration is high enough, killing results. Results suggest that biomaterial-
associated infections in orthopedics by S. epidermidis on polyethylene may be 
more diffi cult to eradicate than on polymethylmethacrylate or stainless steel.
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Introduction

Biomaterial-associated infections (BAI) occur with increasing frequency over the 
last decades25. Typically, strains causative to BAI are able to adhere and colonize 
biomaterial implant surfaces in a biofi lm mode of growth. In the biofi lm mode of 
growth, bacteria embed themselves in an extracellular material (‘slime’), which 
holds the bacteria together and fi rmly attaches them to an implant surface28. 
The ability to form a biofi lm is believed to make the organisms more resistant to 
antibiotic treatment and the host defence system31. 

Biofi lm formation in Staphylococcus epidermidis is infl uenced by multiple 
factors. Once initially adhering bacteria start to multiply on a surface, they also 
start to produce extracellular material. In ica-positive strains, expression of the 
ica-operon regulates the amount of extracellular material or polysaccharide 
intercellular adhesin (PIA) produced. Ica-expression is regulated by several different 
environmental parameters, such as anaerobic growth condition, sub-inhibitory 
concentrations of antibiotics and osmotic stress4,5,11,23. Olson et al. reported that 
PIA plays a critical role in the adhesion of S. epidermidis to biomaterials22 by 
providing favorable acid-base interactions with the surface18. Several studies 
have compared the resistance to antimicrobials of ica-positive and ica-negative 
strains12,13 and found that PIA mediates reduced antibiotic susceptibility of bacteria 
within a biofi lm27. Actual ica-expression is routinely assayed after growth of 
biofi lms on tissue-culture polystyrene, but ica-expression has never been studied 
on different clinically relevant biomaterials. 

Clinically, there appears to be a great difference in infection risk between 
different biomaterials8. It has been reported that surgical meshes made of hydro-
phobic polytetrafl uoroethylene are more susceptible to infection than meshes made 
of less hydrophobic polypropylene, which demonstrates an impressive resistance 
against infections29. It would be highly relevant to know whether these differences 
in infection resistance between different biomaterials have anything to do with the 
degree to which these materials stimulate ica-expression, and more importantly, 
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how this difference in ica-expression impacts antibiotic susceptibility of biofi lm 
bacteria. BAI is of major concern in total hip- and knee arthroplasties and is the 
most common reason for their replacement. Hip- and knee arthroplasties are 
both made out of a number of different biomaterials, including polyethylene (PE), 
polymethylmethacrylate (PMMA) and stainless steel (SS). However, ica-expression 
has never been compared for the different biomaterials involved in total hip- and 
knee arthroplasties. 

Therefore, the aim of the present study was fi rstly to compare ica-expression 
by four ica-positive S. epidermidis strains on PE, PMMA and SS. Secondly, biofi lm 
formation on the different biomaterials and their susceptibility to gentamicin will be 
compared and related with ica-expression on the different surfaces.

Table 1. S. epidermidis strains, their ica-status, minimal inhibitory concentration 
(MIC) against gentamicin and primer sequences for real-time RT-PCR19 used in 
this study. Optimal annealing temperature for icaA was 56.0°C and for gyrB 57.1°C. 
Gentamicin-resistant strains1 have MIC values above 4 μg mL-1.
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Materials and Methods

Bacterial strains

Three clinical S. epidermidis isolates were used in this study (see Table 1), 
obtained from Sardjito Hospital, Yogyakarta, Indonesia, and identifi ed in the 
Microbiology Department, Gadjah Mada University, Yogyakarta, Indonesia, as 
reported previously20. Isolates were obtained from blood and cerebrospinal fl uid. 
S. epidermidis RP62A (ATCC35984) was included as an ica-positive reference 
strain. All strains were cultured at 37°C in tryptone soya broth (TSB) (OXOID, 
Basingstoke, UK) or on TSB agar. 

Substratum surfaces

The substratum surfaces used in this study were polyethylene (PE), 
polymethylmethacrylate (PMMA), and stainless steel 316L (SS). All surfaces 
were made to match the shape/diameter of a 12-wells plate (Costar, Corning, NY, 
USA). Before experiments, surfaces were cleaned with 70% alcohol and sterile 
phosphate-buffered saline (PBS; 10 mM potassium phosphate, 0.15 M NaCl, pH 
7.0).

Biofi lm formation and quantifi cation

Biofi lms on the different substratum surfaces were formed according to 
Christensen and co-workers for all four strains3. Briefl y, each substratum was 
placed in a 12-wells plate containing 2 mL TSB and subsequently inoculated with a 
1:100 dilution of an overnight culture. After incubation for 24 h at 37°C, the plates 
were gently washed twice with PBS, and stained with 1% (w/v) crystal violet 
solution for 30 min at room temperature in order to quantify the biofi lm biomass. 
The excess stain was washed off with demineralized water by careful pipetting. 
Subsequently, the substrata were transferred to a clean 12-wells plate and biofi lms
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were suspended in acid–isopropanol (5% v/v 1 M HCl in isopropanol). Subse-
quently, 200 μL of that suspension was taken and added to a clean 96-wells plate 
and the absorbance was measured at 575 nm (A575) in a Fluostar Optima micro-
plate reader (BMG Labtech, Offenburg, Germany) as a quantitative measure for 
the amount of biofi lm formed. 

Total RNA isolation and real time RT-PCR 

Total RNA was isolated as described previously19 from 24 h biofi lms of all 
staphylococcal strains. Briefl y, after harvesting the biofi lm by scraping, bacteria 
were pelleted by centrifugation, and frozen at -80°C. Samples were thawed slowly 
on ice and resuspended in 100 μL diethylpyrocarbonate treated water after which 
the bacterial suspension was frozen in liquid nitrogen. Frozen bacteria were ground 
using a mortar and pestle. Total mRNA was isolated using the Invisorb Spin Cell 
RNA Mini Kit (Invitek, Freiburg, Germany) according to the manufacturer’s instruc-
tions. Genomic DNA was removed using the DNAfree™ kit of Ambion (Applied 
Biosystems, Foster City, CA) and absence of genomic DNA contamination was 
verifi ed by real-time PCR prior to reverse transcription. For all samples, 35 cycles 
of PCR using the gyrB primer set20 did not result in any detectable signal. One μg of 
total RNA was used for cDNA synthesis (Iscript, Biorad, Hercules, CA) according 
to the manufacturer’s instructions. Real-time RT-PCR was performed with the 
primer sets for gyrB and icaA (Table 1), as described previously20. Reactions were 
prepared in duplicate. Normalized expression levels of icaA were calculated over 
two biological replicates using the 2-∆∆C

T method15 using planktonic cultures as 
controls and gyrB as the reference. 

Susceptibility to gentamicin

The susceptibility of the biofi lms to gentamicin was only determined for biofi lms 
formed by the two clinical isolates (S. epidermidis 64 and 236) considered
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susceptible to gentamicin (see Table 1). 24 h biofi lms were washed once with 
sterile PBS, and subsequently exposed to TSB (control) or TSB supplemented 
with 16 or 32 μg mL-1 gentamicin for 3 and 24 h at 37°C after which the media 
were removed by washing twice with 2.5 mL PBS. Bacterial viability was analyzed 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma), 
as described previously2. Briefl y, 1 mL pre-warmed MTT solution (0.5 mg mL-1) in 
PBS containing 0.1% glucose and 10 μL 10 μM menadion was added to each well. 
The plates were incubated at 37°C in the dark for 30 min and the MTT solution was 
removed. Bacteria were washed twice with demineralized water and resuspended 
in acid isopropanol (5% v/v 1 M HCl in isopropanol). Finally the absorbance was 
measured at 560 nm using a spectrophotometer (Spectronic 20 Genesys™, 
Spectronic Instruments Inc., Rochester, NY) and employed to calculate a % 
reduction in amount of biofi lm according to 

 

in which Agentamicin-treated and Acontrol are the absorbances of 24 h biofi lms further 
grown in the presence or absence of gentamicin, respectively.

Confocal laser scanning microscopy (CLSM)

CLSM was used to visualize 24 h biofi lms of S. epidermidis 64 grown in the 
absence or presence of 16 or 32 μg mL-1 gentamicin for an additional 3 h. Biofi lms 
were allowed to grow, as described above. After growth, biofi lms were washed with 
PBS, and stained with the bacterial Live/Dead stain BacLight (Molecular Probes, 
Leiden, The Netherlands). The presence of slime was determined using calcofl uor 
white (Optical Brightener, Sigma-Aldrich), a polysaccharide-binding dye. Staining 
was done for 15 min in the dark, after which excess stain was removed and 
biofi lms were immersed in 2 mL PBS. CLSM images were then collected using a 
Leica TCS SP2 CLSM with a 40x water objective using 488 nm excitation and
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emission fi lter settings of 500 to 550 nm (green, live) and 605 to 720 nm (red, 
dead). For the detection of slime, excitation wavelengths of 351 and 364 nm were 
applied measuring emission between 410 and 500 nm.

Figure 1. Amount of biofi lm formed by different ica-positive S. epidermidis strains, 
expressed as Aabs at 575 nm on orthopedic biomaterials. Absorbance was measured 
after crystal violet staining of the biofi lms. White bar is PE, grey is PMMA and black 
is SS. Bars indicate the mean A575 values of three experiments with separately 
cultured bacteria, applying each culture in three wells.

Results

The amounts of biofi lm formed on the three orthopedic biomaterials surfaces are 
presented in Fig. 1. The three clinical isolates used formed the most biofi lm on SS 
(p < 0.01, ANOVA) and the least biofi lm on PE (p < 0.01, ANOVA). In contrast, the 
reference strain RP62A showed the most biofi lm formation on PMMA (p < 0.01, 
ANOVA).
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Figure 2. Normalized fold expression of icaA in biofi lms of ica-positive S. 
epidermidis strains on orthopedic biomaterials. The fold-expression of icaA was 
normalized against the expression of icaA in planktonic cultures using gyrB as 
reference. The 2-∆∆C

T was calculated from the average CT values on the basis of 
two experiments with separately cultured bacteria, applying each culture in two 
wells. White bar is PE, grey is PMMA and black is SS.

For all strains, icaA-expression in the biofi lms was at least two-fold higher on PE 
than on PMMA and SS (Fig. 2), but this was only statistically signifi cant for the 
three clinical isolates (p < 0.001) and the reference strain RP62A demonstrated 
similar expression of icaA on all biomaterial surfaces. Accordingly, projected top-
views of S. epidermidis 64 biofi lms showed a signifi cant amount of slime formed on 
PE (Fig. 3A). Slime formation in biofi lms on PMMA and SS (Figs. 3B and 3C) was 
considerably less than on PE .
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Figure 3. Projected top-views of 24 h biofi lm of S. epidermidis 64 grown on PE (A), 
PMMA (B) and SS (C) obtained using CLSM after staining with Baclight dead/live 
stain yielding red and green for dead and live bacteria, respectively, and calcofl uor 
white staining to visualize slime (blue). Projection colors are based on the average 
voxel intensity through the depth of the biofi lm.

Fig. 4 summarizes the reduction in metabolic activity achieved by the 
presence of gentamicin in biofi lms of S. epidermidis 64 and 236. Continued growth 
of 24 h staphylococcal biofi lms in the presence of gentamicin for 3 and 24 h, always 
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resulted in lower reduction of metabolic activity of biofi lms grown on PE than of 
biofi lms on any of the other two surfaces. Note that for S. epidermidis 236 on 
PE, after 3 h continued growth in the presence of 16 μg mL-1 gentamicin, even 
an increase in metabolic activity was seen. The highest reduction in metabolic 
activity achieved by gentamicin was always observed in biofi lms on PMMA after 
3 and 24 h continued growth in the presence gentamicin. The effect of continued 
growth of pre-existing biofi lms in the presence of gentamicin is also demonstrated 
in Fig. 5 for S. epidermidis 64 biofi lms on PE, PMMA and SS. Most noticeably, 3 
h continued growth in the presence of gentamicin also induced slime formation 
in biofi lms grown on PMMA, while biofi lms grown on PMMA in the absence of 
antibiotics hardly showed any slime (compare Figs. 3 and 5). Increased slime 
formation occurs as well on PE and SS after continued growth in the presence of 
gentamicin. In the presence of 32 μg mL-1 gentamicin, red staining indicates cell 
death and less slime formation (see Fig. 5).

Discussion

BAI is the second most common cause of implant failure, including failure of total 
hip- and knee arthroplasties. The increased use of biomaterial implants over recent 
years has resulted in a concomitant rise in bacterial infections, mostly due to 
staphylococci17. Approximately 50% of total hip- and knee arthroplasty infections are 
caused by S. epidermidis6. Most of these infections are related to biofi lm formation 
on the implant material. Such biofi lms are almost impossible to eradicate because 
they are resistant to common antibiotic treatment. This study shows that the 
different biomaterials in total hip- and knee arthroplasties harvest different amounts 
of biofi lm. Moreover, it is shown for the fi rst time that the extend of biofi lm formation 
by clinical staphylococcal isolates does not correlate with ica-expression 
per se, but that increased ica-expression induced by the biomaterial, signifi cantly 
impacts the initial susceptibility of the biofi lms to gentamicin. Ica-expression and 
associated slime production was highest on PE and concomitantly, staphylococcal
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biofi lm on PE was harder to reduce by gentamicin than biofi lm on PMMA and 
SS. Although this is the fi rst time that resistance to antibiotics has been linked to 
substratum-induced ica-expression in biofi lms, it is clinically known that different 
biomaterials bear different risks for infection. 

Figure 4. Susceptibility of biofi lms of S. epidermidis 64 (panel A and B) and 236 
(panel C and D) to gentamicin determined using an MTT-assay. Panel A and C 
show the residual MTT reduction after exposure to 16 μg mL-1 gentamicin  while 
panel B and D show the residual MTT reduction after exposure to 32 μg mL-1 

gentamicin. White bar is PE, grey is PMMA and black bar is SS. Bars indicate 
the mean of % reduction of metabolic activity of the biofi lms, measured in four 
experiments with separately cultured bacteria.
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Figure 5. Projected CLSM top-views of 24 h biofi lm of S. epidermidis 64 grown 
on PE (A, B), PMMA (C, D) and SS (E, F), and after 3 h of continued growth in the 
presence of 16 μg mL-1 gentamicin (left panel) and 32 μg mL-1 gentamicin (right 
panel). Projection colors are based on the average voxel intensity through the 
depth of the biofi lm.
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Ica-expression in general has been linked to biofi lm formation21. During the later 
stage of biofi lm formation, PIA is produced extensively to mediate bacterium 
to bacterium interaction, resulting in a multilayered biofi lm. It is also suggested 
that adhering bacteria may sense a solid surface leading to a signaling cascade 
genes to be up- or down-regulated10, as changes in gene regulation occur within 
minutes after bacterial attachment to a solid surface7. Analysis of ica-expression 
on the various materials showed that while PE had the highest expression of ica-
operon for all clinical isolates, PE allowed only marginal biofi lm growth. On the 
other hand, SS and PMMA showed the more extensive biofi lm formation, but did 
not have the highest ica-expression. There are two explanations for this behavior. 
Firstly, previous work by us and others has indicated that slime produced by ica 
represents an energy-expensive burden for the bacterium, resulting in a reduced 
growth rate20,24. Secondly, other, proteinaceous factors have been implicated in 
S. epidermidis biofi lms formation9,21, representing ica-independent mechanisms of 
biofi lm formation. It is therefore possible that PMMA, showing less PIA slime (see 
Fig. 3B), allows ica-independent biofi lm formation, while PE favors ica-dependent 
biofi lm formation, and SS surfaces likely favor both mechanisms. Note that S. 

epidermidis RP62A, a reference strain for biofi lm formation, responds less to 
the different biomaterials included than the three clinical isolates. This suggests 
that S. epidermidis RP62A lost the ability to sense a surface and illustrates the 
importance of choosing clinical isolates for in vitro studies. 

Gentamicin, an aminoglycoside antibiotic, is commonly used in orthopedic 
surgery, because of its suitability from a bacteriological and physico-chemical 
point of view in the local treatment of infection30. Growth of S. epidermidis biofi lm in 
the presence of gentamicin for 3 h increased slime production on the biomaterials 
included in this study (see Fig.5), in line with previous reports on slime production 
induced by antibiotics16,23. Slime production acts as protective response by 
bacteria, enabling them to withstand unfavorable conditions as antibiotic burden. 
Additionally, slime-embedding of biofi lms is regarded as a major cause of failure to
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treat or prevent BAI using antibiotics. There is some evidence suggesting that 
binding of the positively charged aminoglycosides to slime retards penetration of 
these agents14. This is confi rmed in our study where gentamicin susceptibility was 
lowest for biofi lms grown on PE surfaces that induced the most abundant slime. 
Although Santavirta et al. concluded that antibiotic susceptibility is related to the 
biomaterial colonized rather than the presence of slime26, our study suggests the 
biomaterial controls initial susceptibility through regulating slime production. 

Conclusion

Different clinically used biomaterials show different susceptibility to biofi lm 
formation and differences in slime production. The amount of slime produced 
as induced by the biomaterial, and not the extend of biofi lm formation, dictates 
initial gentamicin susceptibility of clinical S. epidermidis strains. Once gentamicin 
treatment has started, also the presence of the antibiotic itself induces slime 
production and killing, provided the antibiotic concentration is high enough.

Acknowledgements The authors like to thank Betsy van de Belt-Gritter for 
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