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The increasing use of foreign materials in almost all fi elds of modern medicine 
is associated with a risk of bacterial infection6,31. Morbidity and mortality of 
biomaterial-associated infections may vary according to the underlying patient 
condition, the microbial strain(s) that are implicated, and the type of device. 
Biomaterial-associated infections contribute signifi cantly to the increasing problem 
of nosocomial infections. While a variety of microbial strains have been involved as 
causative organisms in biomaterial-associated infections, staphylococci, particular-
ly Staphylococcus epidermidis, account for the majority of infections related to 
both temporarily inserted and permanently implanted biomaterials38.

The presence of a biomaterial signifi cantly compromises the host’s ability 
to cope with infectious microorganisms. These microorganisms can reach a 
biomaterial implant in several ways and at different times post-implantation15. 
Airborne microorganisms, inevitably present in the operating theater, can reach 
a biomaterial implant surface as early as before the implantation22. Also during 
insertion of a biomaterial implant, microorganisms from the commensal microfl ora 
of the skin can contaminate a biomaterial implant. Peri-operative contamination 
is believed to be the most common cause of biomaterial associated infection22, 
and therefore there is an urgent need for the development of more effective 
antiseptic or disinfectant agents in order to reduce the incidence of biomaterial-
associated infection.

Bacteria that adhere to implanted medical devices or damaged tissue can 
encase themselves in a hydrated matrix of extra cellular polymeric substances, a 
slimy layer, and start growing into a biofi lm. Bacteria organized in biofi lms are at 
least 10-1000 times more resistant to antibiotics30 and can cope much better with 
unfavorable external conditions as the host immune system than their planktonic 
counterparts. The biofi lm mode of growth represents a benefi t for staphylococcal 
strains enabling them to colonize inert surfaces of medical devices42. Antibiotic 
resistance of bacteria in the biofilm mode of growth contributes to the chronic 
nature of these infections, which are notoriously difficult to resolve. The 
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mechanisms of bacterial resistance in biofi lms are different from the now familiar 
plasmids, transposons, and mutations that convey innate resistance to individual 
bacterial cells. In biofi lms, resistance seems to depend on multicellular strategies33 
resulting in an impaired penetration of antibiotics to the target organisms and a 
decreased immune response.

Staphylococci

Staphylococci are Gram-positive bacteria belonging to the family Staphylo-

coccaceae. They are clustering, non-motile and non-spore forming cocci, facultative 
anaerobes and produce catalase. Currently, there are 35 known species of the 
genus Staphylococcus, from which 15 species are indigenous to humans, while the 
others are non-human pathogens2. Coagulase-negative staphylococci (CNS) are 
grouped together as Staphylococcus saprophyticus, S. lugdunensis, S. schleiferi, 
S. haemolyticus, S. caprae or S. epidermidis based on their inability to clot 
blood plasma. CNS are widely distributed over the surface of the human body, 
where they constitute the majority of the commensal bacterial skin microflora. 
Among the CNS, S. epidermidis is the most common species responsible for 
infection27. 

Historically, S. epidermidis was considered a non-pathogenic bacterium 
under normal conditions, but in recent years, this microorganism has evolved 
as an important pathogen in patients with indwelling medical devices. S. 

epidermidis can colonize cerebrospinal fl uid shunts, central venous catheters, 
prosthetic heart valves, ocular lens implants, prosthetic joints, dialysis devices 
and many other invasive biomaterials. In patients with underlying conditions 
such as immuno-suppression, staphylococcal infection on medical implants can 
result in considerable morbidity and as a consequence, the quality of life of these 
patients will decrease while the medical costs will increase enormously. Another 
main problem of staphylococci is their increasing resistance to antibiotics due to 
the ability to form slime on biomaterial surfaces. 
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Biofi lm formation by S. epidermidis

One of the main virulence characteristics of S. epidermidis is related with their 
adhesion to substratum surfaces24 and subsequent biofi lm formation. A biofi lm 
is a population of cells growing on a surface and enclosed in a self-produced 
matrix of extracellular polymeric substance (EPS). Biofi lms are notoriously diffi cult 
to eradicate and are a source of many recalcitrant infections21. Bacterial biofi lm 
formation comprises a number of physical, biological, and chemical processes. The 
relative contribution of each process changes throughout biofi lm development and 
depends on prevailing environmental and hydrodynamic conditions4. In general, 
biofi lm formation can be described in fi ve phases23  as shown in Fig. 1. 

Substratum surfaces will fi rst become covered with a conditioning fi lm consisting 
of proteins and glycoproteins, such as fi bronectin, vitronectin, fi brinogen, albumin, and 
immuno-globulins, many of which serve as binding ligands to receptors on colonizing 
bacteria3, although adhesion can also occur to bare substratum surfaces. Biofi lm 
formation continues with the transport of bacteria to the substratum-liquid interface, 
which is governed by a combination of transport mechanisms, including Brownian 
motion, gravity, diffusion, convection, or the intrinsic motility of a microorganism3. 
Subsequently, in the second phase, microbial adhesion may occur which is initially 
of a reversible nature. Factors involved in the initial adhesion to a substratum surface 
include non-specifi c interactions originating from both the bacterial cell and substratum 
surfaces. These non-specifi c interactions are governed by physico-chemical properties 
such as surface charge, hydrophobicity, and chemical structure of both the bacterium 
and substratum surface3. In the third phase, reversible adhesion of bacteria changes 
to irreversible, amongst others due to protein-protein interactions and the production 
of EPS. The fourth phase in biofi lm formation is surface colonization. Adhering 
bacteria grow and divide, forming microcolonies that are considered to be the basic 
organizational units of a biofi lm. Entrapment of other planktonic bacteria in the EPS
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Figure 1. The phases of biofi lm 
formation in S. epidermidis. Graphs 
were modifi ed from Vuong et al.,7 and 
Bos et al.3
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also occurs, resulting in a multi-layered and mature biofi lm. The last step is 
detachment of individual bacteria or aggregates, which allows bacteria to dissemi-
nate into other areas for further surface colonization23. In the clinical setting, this last 
step generally leads to severe systemic infections.

As a pivotal structural component of microbial biofi lms, EPS has received much 
attention. In general, EPS consists of polysaccharides, eDNA and proteins in a 
hydrated environment. Recently eDNA was found to be a major structural component 
of bacterial EPS where it plays a role in bacterium-surface and bacterium-bacterium 
interactions39. The EPS produced by S. epidermidis consists mostly of polysaccharide 
intercellular adhesin (PIA)24. 

icaADBC and the mechanism of regulation of expression

Production of PIA, a key virulence factor of S. epidermidis, is subject to on-off 
switching, resulting in phenotypic variability (phase variants)27. PIA production is 
stimulated through the action of membrane bound sensory proteins within the bacterial 
cell wall23. PIA synthesis is catalyzed by proteins encoded within the ica-operon, a 
gene cluster consisting of icaADBC1,25. The icaA-gene product is a transmembrane 
protein with homology to N-acetyl-glucosaminyltransferases. The functions of icaB 
and icaC are less well defi ned. However, icaB is likely to be secreted while icaC is 
predicted to be an integral membrane protein. IcaD might act as a link between icaA 
and icaC and represent a novel enzyme combination. When icaA is co-expressed 
with icaD, the transferase activity increases 20 fold16,27. 

EPS production is vital, but metabolically expensive for S. epidermidis and 
therefore well regulated (Fig. 2). Regulation of ica-expression and biofi lm formation 
is negatively controlled by the ica-operon regulator, IcaR and teiocoplanin-
associated locus regulator, TcaR. It is also infl uenced by environmental conditions 
that are potentially toxic for the bacterial cell. The exposure of S. epidermidis to a 
high osmolarity, high temperature, detergents, urea, ethanol, the presence of sub-
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MIC (Minimal Inhibitory Concentration) concentrations of certain antibiotics, 
glucose, iron limitation and oxidative stress have all been shown to elevate ica-
expression and biofi lm formation10,20,28,29. Moreover, the global stress response 
factor σB, positively regulates ica-expression by negatively regulating icaR 
expression, while staphylococcal accessory regulator A (sarA) and regulators of 
sigmaB (rsbU) act similarly14. In addition, the LuxS system involved in quorum 
sensing in S. epidermidis, recently emerged as another negative regulator of 
biofi lm formation26.

The genetic and molecular basis of biofi lm formation in S. epidermidis is multi-
faceted. It has been reviewed that there are two distinct mechanisms of biofi lm 
development ; through an ica-dependent and an ica-independent mechanism 

Figure 2. The schematic overview of regulatory network controlling expression of 
icaADBC in S. epidermidis.
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of biofi lm development26. Biofi lm production by ica-operon-encoded enzymes is 
currently the best-understood biofi lm mechanism in staphylococci, which is regulated 
by several regulatory genes such as icaR, σB, rsbU and sarA, including the reversible 
integration of the IS256 into those genes. Additionally, a surface protein homologous 
to biofi lm-associated protein (Bap), accumulation-associated protein (Aap), and 
considerable amounts of extracellular teichoic acids (ECTA)42 have been identifi ed 
to be involved in ica-independent biofi lm formation in some S. epidermidis, which is 
also under control of sarA regulatory gene.

Recent studies imply that the multi-cellular organization of bacteria in a biofi lm 
is a crucial mechanism in resisting unfavorable conditions11. Heterogeneous 
gene expression is typically observed in clinical S. epidermidis strains, and it is 
assumed that this ability is an advantage for adaptation of staphylococci to changing 
environmental conditions42. Phase variation involves both regulatory pathways, e.g. 
in response to environmental signals, as well as genetic variations, by local genomic 
re-arrangements, altered activity of regulatory proteins or modulation of transcription 
or translation of the appropriate gene through strand slip mechanisms. 

Role of physico-chemical surfaces properties

Bacterial adhesion and biofi lm formation are infl uenced by physico-chemical 
surface properties of the substratum and the bacteria themselves, as well as by 
environmental factors. However, reported data remain to appear inconsistent18. 
The expression of the ica-operon and, as a result, the formation of biofi lms 
seems to be highly variable among different staphylococcal strains41. A 
complete understanding of the infl uence of physico-chemical surface properties 
of biomaterial surfaces on ica-genes expression is necessary to advance our 
understanding of biofi lm formation. The most frequently studied physico-chemical 
surface properties determining bacterial adhesion and potentially ica-expression 
are zeta potential and hydrophobicity, of both the bacterial cell and substratum 
surfaces36. Microbial or surface hydrophobicity is defined by the free energy of



General introduction

9

attraction between bacteria immersed in an aqueous phase37, and can be assessed 
by several methods, although, according to Doyle12, the best method for determining 
cell surface hydrophobicity is by contact angle measurements. Measured contact 
angles with liquids allow to calculate the surface free energy (the surface free energy 
decreases with increasing hydrophobicity). The zeta potential is correlated with the 
charge on the bacterial cell surface by the nature and number of ionisable groups 
exposed and depends amongst others on pH and ionic strength. 

In the measurement of bacterial cell surface charge, hydrophobicity or any 
other property, bacterial cultures are mostly considered as populations of identical 
organisms, although it is known that several strains display distinct subpopulations 
even in pure cultures. In these cultures, the distribution of properties of the cells is 
more heterogeneous than normally assumed, which goes beyond differences in, 
for example, cell size35. Different subpopulations within one culture can differ in 
fl agellation34, natural competence13, autofl uorescence19, or cell surface charge9. In 
case of a heterogeneous population, the zeta potential distribution measured may 
display either an extremely wide Gaussian distribution or more than one distinct 
Gaussian distribution35.

It has been known that specifi c interactions among bacteria, solvents, and 
substratum surfaces can each contribute independently to the effi ciency of 
adhesion, therefore other studies have suggested that the important factor in 
bacterial adhesion will be the total interaction energy between the adhering 
organisms and a substratum surface across an aqueous medium5,36, which is 
governed by Lifshitz-Van der Waals, electrostatic, and Lewis acid-base inter-
actions36. These interactions originate from both the entire cell body as well as 
from more specifi c, localized adhesion sites, as for example cell surface proteins. 
Initial bacterial approach to a substratum surface is usually achieved by attractive 
Lifshitz-Van der Waals interaction, while further events may be dictated by 
repulsive or attractive acid-base and electrostatic interactions. Since nearly all 
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surfaces occurring in nature carry a net negative charge under physiological 
conditions, electrostatic interactions in bacterial adhesion are mostly repulsive and 
have to be overcome by attractive Lifshitz-Van der Waals, acid-base and specifi c 
interactions35. Whereas the electrostatic interactions follow from measured zeta 
potentials, contact angles with different liquids on the interacting surfaces can be 
used to calculate the Lifshitz-Van der Waals and acid-base interactions.

Biocides, infection and biofi lm formation

Widespread use of biocides as antimicrobial agents, including antibiotic, antiseptics 
and disinfectants, have created a selective pressure, which has led to the development 
and spread of bacteria that are resistant to different antimicrobials40. This indicates 
that often the risks and benefi ts of using antimicrobials in clinical and community 
environments33, such as gentamycin, triclosan and chlorhexidin, have not been 
suffi ciently weighed. The increasing use of these antimicrobials in medical settings 
motivates continued monitoring of their susceptibility among clinical pathogens.

Several studies have examined the stimulation of S. epidermidis biofi lm 
formation by low concentrations of antibiotics, such as teicoplanin8, tetracycline, 
quinupristin-dalfopristin28, and beta lactam32. A similar stimulation of biofi lm 
formation has been described in the presence of sub-MIC concentrations of anti-
septics, e.g. ethanol20, chlorhexidine and benzalkonium chloride17. Additionally, 
in developing countries including Indonesia, antibiotics and antiseptics, as well 
as traditional medicines are widely used and relatively freely available. Currently, 
Cinnamomum burmannii, (in Indonesia called kayu manis) is commonly used as 
an alternative remedy for the treatment of many infectious diseases, but additional 
research is needed to appreciate its risks and benefi ts in clinical and community 
environments.
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The general aim of this thesis is to investigate the regulation of icaADBC gene 
expression during biofi lm formation of clinical Staphylococcus epidermidis isolates 
on different biomaterials and how environmental signals affect this regulation.

The specifi c aims of this study are:
1. To investigate the role of genotypic changes on phenotypic variations of 

clinical S. epidermidis isolates, its underlying mechanisms and effects.
2. To study the effect of commonly used antimicrobials and disinfectants, 

including cinnamon oil, on ica-expression.
3. To determine the infl uence of the physico-chemical characteristics of 

substratum surfaces on ica-expression in adhering staphylococci.
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Abstract

Biofi lm formation of Staphylococcus epidermidis is infl uenced by the presence 
of polysaccharide intercellular adhesin, synthesised by proteins encoded in the 
icaADBC operon. Expression of ica is subject to phenotypic variation, which can 
result in heterogeneity in surface characteristics of individual bacteria in axenic 
cultures. Here, the relationship between phenotypic variation of clinical isolates of 
S. epidermidis, biofi lm formation and electrophoretic mobility distribution was inves-
tigated. Five clinical S. epidermidis isolates demonstrated phenotypic variation, 
i.e. both black and red colonies on Congo Red Agar. Black colonies displayed bi-
modal electrophoretic mobility distributions at pH 2, but such phenotypic variation 
was absent in red colonies of the same strain as well as in control strains without 
phenotypic variation. All red colonies had lost ica and the ability to form biofi lms, in 
contrast to black colonies of the same strain. Real time PCR targeting icaA indicated 
a reduction in gene copy number within cultures exhibiting phenotypic variation, 
which correlated quantitatively with phenotypic variations on Congo Red Agar 
and electrophoretic mobility distribution. Strikingly, loss of ica was irreversible and 
independent of the mobile element IS256, indicating a new, unknown mechanism of 
phenotypic variation in clinical S. epidermidis isolates.
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Introduction

Staphylococcus epidermidis is a normal constituent of the healthy human skin and 
mucosal microfl ora. In recent years however, the bacterium has emerged as a 
frequent etiologic agent of infection associated with indwelling medical devices12. 
A fundamental step in the pathogenesis of S. epidermidis-mediated foreign body 
infections is the ability of the organism to adhere to and produce a biofi lm on 
the surface of a biomaterial. Adhesion of S. epidermidis to prosthetic devices is 
thought to occur in two distinct steps: initial attachment to the biomaterial surface, 
and subsequent accumulation of bacteria through intercellular adhesion9 mediated 
by polysaccharide intercellular adhesin (PIA). PIA mediates the contact between 
bacterial cells, resulting in the accumulation of a multilayered biofi lm and is an 
important virulence factor of S. epidermidis10. It consists of a beta-1,6-linked 
glucosaminoglycan backbone substituted with different side groups. The enzymes 
involved in PIA synthesis are encoded by genes of the ica-operon comprising the 
icaA, icaD, icaB, and icaC14. 

S. epidermidis isolates exhibit an extraordinary high phenotypic and genotypic 
fl exibility, which is assumed to be an evolutionary advantage that helps staphylo-
cocci adapt to changing environmental conditions. Phenotypic variants can differ in 
terms of colony morphology, growth rate, haemolysis, biofi lm formation, and anti-
biotic susceptibility4. In biofi lm-producing S. epidermidis strains, the expression 
of the ica-operon was found to undergo phenotypic variation that correlates with 
a change of colony morphology on Congo Red agar (CRA) and altered biofi lm 
formation24. 

Currently, several mechanisms have been identifi ed that regulate ica- 
expression, including insertion of the transposon IS256 either in the structural 
operon23 or in genes encoding proteins that regulate ica-expression such as 
rsbU and sarA6. However, these mechanisms are all reversible, meaning that 
after repeated sub-culturing, the biofi lm-positive phenotype can be regained 
from biofi lm-negative inocula. Recently, evidence was reported that in clinical S. 
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epidermidis isolates, loss of ica might not only be due to IS256 insertions, and that 
irreversible switching occurs. Importantly, Arciola and coworkers1,2 have shown 
that a signifi cant proportion of prosthesis-derived clinical isolates are both ica and 
IS256 negative.

Various physico-chemical properties of bacterial cell surfaces, such as hydro-
phobicity and electrophoretic mobility as an expression of the surface charge, 
affect adhesion and biofi lm formation by S. epidermidis19. In the determination of a 
bacterial property, such as cell surface charge or hydrophobicity, pure cultures are 
generally considered as populations of identical organisms, although it is known 
that several strains display distinct sub-populations even in pure cultures. Different 
sub-populations within one culture can differ in fl agellation18, natural competence8, 
autofl uorescence11, or electrophoretic mobility7,21. Importantly, heterogeneity in 
electrophoretic mobility has been linked to bacterial adhesion to biotic7 and a-biotic 
surfaces21 as well as to biofi lm formation20. However, no mechanism governing the 
above mentioned heterogeneity has yet been forwarded.

It is the aim of the current research to investigate the role of genotypic 
changes within the icaADBC operon on phenotypic variations in axenic cultures of 
clinical S. epidermidis isolates, including its infl uence on electrophoretic mobility 
distributions and biofi lm formation.

Materials and Methods

Strains and growth conditions 

One hundred and fi ve clinical isolates of S. epidermidis were isolated from different 
patient sources, in the Microbiology Department, Gadjah Mada University, 
Yogyakarta, Indonesia. None of the patients had a history of previous hospital 
admission. Identifi cation of the isolates was done by Gram-staining, colony 
appearance on blood agar, coagulase and DNase testing and susceptibility to 
novobiocin and polymixin3. The isolates were stored at -80°C in glycerol.
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Phenotypic characterization

The strains were cultured on CRA plates, prepared by adding 0.8 g of Congo Red 
(Sigma-Aldrich, Steinheim, Germany), 12 g bacto agar (Becton, Dickinson and Co, 
Sparks, MD, USA) and 36 g of saccharose (Merck, Darmstadt, Germany) to 1 L 
of brain heart infusion (Oxoid, Basingstoke, UK). The plates were subsequently 
incubated for 24 h at 37°C and additionally overnight at room temperature. Colonies 
coloured black were considered indicative of normal slime producing strains, while 
those coloured almost black were indicative of a weak slime production activity, 
very red to bordeaux red colonies were classifi ed as non-slime producers. The 
CRA plate assay was done in duplicate. To quantify the number of cells that had 
switched from black to red in a single colony during culturing, one single black 
colony was used to inoculate tryptone soya broth (TSB, Oxoid, Basingstoke, UK). 
Following 24 h of incubation, the cultures were serially diluted on CRA. For each 
strain, this experiment was repeated 5 times with 3 individual black colonies each 
time and the results of these 15 individual colonies were averaged. Switching 
without prior broth culturing was assayed by emulsifying individual black colonies 
in phosphate-buffered saline (PBS; 10 mM potassium phosphate, 0.15 M NaCl 
pH 7.0) and serial dilution plating. Each experiment contained 3 individual black 
colonies and was repeated twice (i.e. results are averages of six individual colonies 
on two independent occasions). 

Biofi lm assay

A quantitative biofilm assay was performed, according to Christensen and 
co-workers5. Briefly, 1:100 dilutions of overnight cultures in TSB were used 
to inoculate wells in a microtiter polystyrene plate (Falcon, Becton Dickinson 
Labware, NJ, USA). After incubation for 24 h at 37°C, the plates were gently 
washed two times with PBS, and stained with 1% (w/v) crystal violet solution; the 
excess stain was washed off with demineralised water. Subsequently the adherent 
cells were resuspended in acid-isopropanol (5 % v/v 1M HCl in isopropanol), and 



Chapter 2

22

fi nally, the absorbance (A) was measured at 595 nm in a Fluostart Optima microplate 
reader (BMG Labtech, Offenburg, Germany).

In addition, biofi lms were grown as described above in 12-wells polystyrene 
tissue culture plates (Costar, Corning, NY, USA) for 24 h in 2 mL TSB and 
after washing, stained with the bacterial Live/Dead stain BacLight (Molecular 
Probes, Leiden, The Netherlands) and incubated for 30 min in the dark. Confocal 
microscopic images were collected through the bottom of the plate using a TCS 
SP2 confocal laser scanning microscope (Leica, Mannheim, Germany) with a 40x 
objective20.

Electrophoretic mobility measurements

The electrophoretic mobility distributions of the isolates were measured as 
described previously21 using particulate microelectrophoresis. Briefl y, each 
bacterial strain was grown overnight statically, harvested by centrifugation (6500 x 
g, 5 min, 10°C) and resuspended in 30 mL of 10 mM potassium phosphate, set to 
a pH of 2, 3, 4, 5, 7 or 9 using either HCl or KOH, to a density of approximately 1 
x 109 cells mL-1. The electrophoretic mobility at 150 V of the resuspended bacteria 
was then measured using a Lazer Zee Meter 501 (PenKem, Bedford Hills, NY, 
USA) which uses the scattering of incident laser light to detect the bacteria. 
The instrument was equipped with individual particle tracking software. Strains 
were designated to have heterogeneous electrophoretic mobility distributions if 
two or more populations could be distinguished that comprised at least 10% of 
the total number of bacteria measured. Isoelectric points (IEP) were estimated 
by extrapolating the graphs to the pH at which the electrophoretic mobility is 
0 (the point where positive and negative charges on the bacterial cell surface 
counterbalance each other).
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DNA isolation

Overnight cultures of bacterial cells were pelleted by centrifugation, resuspended 
in 75 μl of sterile demineralised water and treated with 25 μL lysostaphin (Sigma-
Aldrich, Steinheim, Germany) 1 mg mL-1 for 10 min at 37°C. Ten μL proteinase K 
(Sigma-Aldrich, Steinheim, Germany) solution of 1 mg mL-1 in demineralised water 
and 200 μL of 0.1 M Tris-HCl (pH 7.5) was added and incubation continued for 30 
min at 37°C. Samples were heated to 100°C for 5 min after which cell debris and 
unlysed cells were removed by centrifugation (21,000 g for 10 min). The DNA was 
ethanol precipitated, dissolved in 100 μL 10 mM Tris-HCl pH 7.5, 1 mM EDTA (TE) 
and the concentration was determined using a Nanodrop UV/VIS spectrophoto-
meter (Isogen-lifescience, Maarsen, The Netherlands). Samples were stored at 
-20°C until needed. For DNA colony isolation a procedure described elsewhere 
was used17.

PCR and real time PCR on genomic DNA

To determine the mechanism governing the appearance of heterogeneous 
cultures, the strains were screened for the presence of the IS256 insertional 
element, as described previously12. Standard PCR was performed on an ICycler 
machine (Biorad, Veenendaal, The Netherlands) using primers for icaA, icaC 
(Table 1a) and gyrB (Table 1b). Products were analysed after standard agarose 
gel electrophoresis. Real time PCR was performed on a MyCycler real time PCR 
machine (Biorad, Veenendaal, The Netherlands) using SYBR green (Abgene, 
Westburg BV, Leusden, The Netherlands) and the primer sets (Isogen-lifescience, 
Maarsen, The Netherlands) designed using Perlprimer15 listed in Table 1b. For 
both types of PCR, total genomic DNA isolations were used as templates at 25 ng 
per sample. The following program was used for real time PCR: 95°C for 3 min, 40 
cycles of 95°C for 15 s, primer specifi c annealing temperature (Table 1b) for 15 s, 
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elongation at 72°C for 15 s. CT values were computer-generated and the gene 
copy number was determined relative to gyrB gene copy number using the 2-ΔΔCT 
method13.

Statistical analysis

Pearson product moment correlations between the presence of the icaA-gene 
and phenotypic switching determined either by CRA plating or by electrophoretic 
mobility were calculated using free online software22.

Table 1a. Primer sequences for PCR used in this study. bp = base pair.

Table 1b. Primers and their sequences for real time PCR used in this study. AT = 
optimal annealing temperature.
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Results

Colony appearance and ability to form biofi lms

The phenotype on CRA of 105 clinical S. epidermidis isolates was determined 
(Fig. 1) and related to the site of isolation (Table 2). A signifi cant majority, 60%, 
of the isolates from cerebrospinal fl uid, showed black colonies (p < 0.01), while 
less than 10% of the isolates from pus, blood and urine demonstrated black 
colonies. In addition, all isolates from conjunctival discharge, vaginal swabs and 
peritoneal dialysis liquid formed red colonies (Table 2). Five isolates from this 
study demonstrated phenotypic variation, indicated by the appearance of mixed 
black and red colonies on a single plate (Fig. 1) and were used for further study. 
Duplicate runs showed consistent results.

Figure 1. Prevalence of phenotypic appearance of 105 S. epidermidis isolates used 
in this study as determined on CRA.
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To confi rm phenotypic variation, a black colony of a switching strain was used 
to inoculate TSB, and the resulting culture was plated on CRA. A mixture of red 
and black colonies appeared. The percentage of black cells that had switched to 
red cells during overnight culturing was determined by serial dilution and colony 
counting and found to range from 15-93% depending on the strain used (Table 3). 
When a red colony was used as an inoculum, only red colonies appeared on CRA 
plates. Both prolonged incubation (up to 5 days) and repeated sub-culturing for 5 
days did not result in any black colonies re-appearing from a red colony inoculum. 
All strains investigated in the present study showed a clear difference in colony 
size on CRA plates between black and red colonies (Fig. 2a). In addition, when 
grown in broth cultures inoculated with either red or black variants of the same 
strain, differences in growth were observed (Fig. 2b). 

Table 2. Location of isolation of S. epidermidis and its phenotypic appearance on 
CRA.
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Table 3. Six of the clinical S. epidermidis isolates with their site of isolation, showing 
phenotypic variation, i.e. black and red colonies on CRA plates and percentage of 
switched cells observed on these plates. Strain 46 is a black, non-switching strain 
used as the control strain.

Figure 2. Growth effects of ica-presence. Panel a) shows an image of a CRA 
plate of strain 196 as a representative of a switching strain. Note that black (dark 
in picture) colonies are consistently smaller than red (light grey in picture) colonies. 
Panel b) shows photographs of overnight broth culture of strain 45 inoculated with 
either black (left tube) or red (right tube) colonies from the same CRA plate. Note the 
extensive fl occulation (black arrow) in the culture inoculated with the black colony 
and the reduced turbidity in the broth.

The ability of black and red variants to form biofi lms was quantitatively assayed 
in microtiter plates. Black colonies grew thick biofi lms, in contrast to red colonies 
that were poor biofi lm formers (Fig. 3a). To exclude any effects of crystal violet 
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a

bound by PIA (present in black, absent in red colonies), the biofi lms were also 
studied by confocal laser scanning microscopy (CLSM) following Live/Dead 
staining (Fig. 3b and c). These results confi rmed that the quantitative differences 
in biofi lm formation after crystal violet staining were not associated with the 
presence or absence of PIA.

Figure 3. Panel a: Quantitative biofi lm formation of S. epidermidis strains, showing 
phenotypic variation and grown either from black colonies (indicated with B) or 
red colonies (indicated with R). Absorbance values are means over triplicate wells 
(± standard deviations). Representative CLSM images (375 x 375 μm) of biofi lms 
grown from a black colony (panel b) and a red colony (panel c) of strain 45.

Electrophoretic mobility distributions

For the fi ve strains that showed phenotypic variation, the pH-dependent electro-
phoretic mobility distributions of black colonies and the corresponding red colonies 
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were determined (Fig. 4). At pH 2, all black inocula yielded cultures with a hetero-
geneous electrophoretic mobility distribution, which were absent in the red 
derivatives of the same strain. As controls, several black, non-switching, strains 
were used as inocula, invariably yielding cultures with homogeneous electrophoretic 
mobility distributions (data not shown). The absence of heterogeneous 
electrophoretic mobility distributions in red colonies as well as in the black control 
strain without phenotypic variation indicates that development of a heterogeneous 
population after overnight culturing is related to phenotypic variation. 

Table 4. Percentage distribution of sub-populations of the heterogeneous S. 
epidermidis strains with respect to electrophoretic mobilities at pH 2 and their 
isoelectric points (IEP). Sub-populations #1 represents the more negatively 
charged population, while sub-population #2 represents the less negatively 
charged population. The population sizes are mean ± standard deviation over 
three independent experiments.

In the heterogeneous populations, one sub-population had an estimated isoelectric 
point (IEP) at pH 2.0, while the second sub-population showed a slightly lower IEP 
at pH ≤ 1.5 (Fig. 4 and Table 4). By virtue of the use of individual particle tracking 
software in particulate microelectrophoresis, the percentage distribution of both 
sub-populations could be measured as well and was found to range between 15-
85 %  depending on the strain (see also Table 4).
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Figure 4. The pH dependence of the electrophoretic mobilities of cultures 
inoculated with black (left panel) and red colonies (right panel) of the same strain in 
10 mM potassium phosphate. The error bars denote standard deviations over three 
experiments with separately cultured bacteria, with each experiment comprising at 
least 100 bacteria.
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Presence of icaA and icaC

Phenotypic variation in S. epidermidis has been described previously5 and can 
occur by spontaneous insertion of the mobile element IS256 into icaA and icaC23. 
Alternatively, IS256 insertion into rsbU and sarA, encoding proteins involved in 
regulating expression of the ica-operon6 also resulted in switching from an ica-
positive to an ica-negative phenotype. We therefore assayed the presence of 
IS256 in these strains as well as the presence of icaA and icaC in black and red 
colonies of the same strain. IS256 was not found in any of the black or red strains. 
Conventional PCR revealed the presence of icaA and icaC in all cultures inoculated 
with black colonies, while both genes were absent in all cultures inoculated with 
red colonies. To verify that this loss of icaA and icaC was the major reason for the 
phenotypic variation observed in biofi lm formation and electrophoretic mobility, 
DNA was isolated from 10 individual red colonies selected on CRA plates for each 
switching strain. All of these colonies were negative for icaA and icaC, while all 
were positive for gyrB. Apparently, in these strains icaA and icaC were completely 
deleted.

Gene copy number analysis within cultures 

Because icaA and icaC were deleted during growth of these strains, it is possible 
to quantify the occurrence of phenotypic variation by determining the gene copy 
number of icaA in a culture. To this end, real time PCR was performed on the 
genomic DNA isolations of cultures inoculated with a black, switching colony. The 
gene copy number of the target gene icaA was quantifi ed relative to the reference 
gene, gyrB, using the DNA of strain 46 (a black non-switching strain, Table 3) as 
a control. For strains 493 and 45 no signifi cant change in icaA copy number could 
be observed (normalized gene copy number > 0.5 relative to gyrB), but for strains 
196, 906 and 1098 a signifi cant decrease (normalized gene copy number < 0.5 
relative to gyrB) in icaA-presence was found (Fig. 5).
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Figure 5. Relative gene copy number for icaA within a liquid culture of a black 
colony, using real time PCR. Amounts were calculated from three replicate wells 
for gyrB (reference gene) and fi ve for icaA (target gene). As a control, the DNA of 
a black strain that does not show phenotypic variation was used. The mean and 
variation (grey bars) are depicted for each strain. The 2-∆∆C

T was calculated from 
the average CT values and standard deviations.
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Discussion

Phenotypic variation in biofi lm formation is common in clinical isolates of S. 

epidermidis. In the current study, nearly 5% of all clinical isolates analysed showed 
phenotypic variation in biofi lm forming ability and electrophoretic mobility. None of 
the isolates analyzed originated from hospital related infection, but all were derived 
from patients that came into clinic with infections thus limiting the chances of these 
isolates to be clonally related. This was confi rmed by PFGE (Pulsed Field Gel 
Electrophoresis; data not shown). In line with previous publications, black colony 
variants on CRA were good biofi lm formers, in contrast to the red derivatives of 
each strain6,23.

Previous work with Enterococcus faecalis has shown that the electrophoretic 
mobility distribution of a culture is an important determinant for biofi lm formation20. 
Axenic heterogeneous cultures were shown to be excellent biofi lm formers, while 
cultures with homogeneous electrophoretic mobility distributions formed poor 
biofi lms. The electrophoretic mobility distributions of black, switching strains 
analysed in this study were found to be heterogeneous, while black non-switching 
strains were homogeneous, corresponding with good and poor biofi lm formers, 
respectively. Isoelectric points of ica-positive and ica-negative strains have been 
determined previously16, but did not include any strains with phenotypic variation. 
The IEP for ica-negative strains was slightly lower (pH 2.3) than of ica-positive 
strains (pH 2.6). Based on this small difference in IEP, we can associate sub-
population #2 of our switching S. epidermidis strains, possessing the highest 
IEP (see Table 4), with the biofi lm-positive (ica-positive) phenotype, although our 
IEP values are somewhat lower than those reported by Ruzicka et al.16. This is 
probably due to the different techniques used, i.e. capillary isoelectric focussing16 
versus microelectrophoresis (this study). 

Previous reports have shown that phenotypic variation in biofi lm formation is 
governed by the on/off switching of expression of the ica-operon by at least two 
mechanisms; directly, through insertion of the mobile element IS256 into one or 
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more structural genes of the ica-operon23, or indirectly, through insertion of IS256 
into the regulatory genes rsbU or sarA that govern ica-expression6. Here however, 
we ruled out insertional inactivation of icaADBC or rsbU or sarA by IS256 for 
several reasons; i) Screening for the sequence of IS256 in the DNA of the strains 
used in this study by PCR demonstrated that all strains were IS256 negative, while 
RP62A was positive for IS256. ii) Screening using PCR and real time PCR for the 
presence of icaA and icaC and gene fragments showed that these were absent 
in the red, but present in the black cultures originating from the same isolate. iii) 
The inability of red colonies to revert back to the black phenotype, even after 
prolonged incubation for up to 5 days or subsequent culturing, showed that the 
switch from the biofi lm-positive to the biofi lm-negative phenotype is irreversible, in 
contrast to insertional inactivation by IS256 which results in reversible switching23. 
Therefore it is concluded that the red variants from the fi ve strains studied had 
permanently lost icaA and icaC. 
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Figure 6. Relation between genotypic and phenotypic analysis. Relative loss of 
icaA was plotted against relative phenotypic changes (percentage of red colonies) 
determined on CRA (closed symbols) and the percentage of bacteria with the 
lowest IEP (open symbols). A 1:1 correlation is indicated by the line of identity 
drawn in the graph (● strain 45, ▲ strain196, ■ strain 493, × strain 906 and ♦ strain 
1098).
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Interestingly, the percentage of bacteria in a culture with the lowest IEP 
(Table 4) and associated with the biofi lm-negative phenotype17, corresponds 
quantitatively with the percentage of bacteria that had switched from black to red 
colonies as determined on CRA (compare Table 3), i.e. the percentage of icaA-
negative organisms. Moreover, the development of the icaA-negative genotype 
as quantitatively determined with real time PCR correlated with the phenotypic 
switching observed on CRA (Pearson correlation coeffi cient 0.93, two-side p = 
0.02) as well as with the variation in electrophoretic mobility (Pearson correlation 
coeffi cient 0.99, two-sided p = 0.001) (Fig. 6). Previous studies have shown that 
absence of all ica-genes is common among clinical S. epidermidis isolates2, as 
also found here. The observation that clinical isolates (ica-positive) rapidly lose 
these genes, possibly as a consequence of the observed growth disadvantage of 
ica-positive cells in broth and on plates, might explain that strains isolated from 
biofi lms appear ica-negative once in a laboratory environment.

Therewith, this study has for the fi rst time quantitatively correlated phenotypic 
variations (switching on CRA and heterogeneity in electrophoretic mobility 
distribution) with genotypic changes, i.e. decreased gene copy number of icaA. 
The phenotypic variation in clinical S. epidermidis described in this study is caused 
by spontaneous deletion of ica-genes, independently from IS256.
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Abstract

Phenotypic variation of Staphylococcus epidermidis involving the slime related ica- 
operon results in heterogeneity in surface characteristics of individual bacteria in 
axenic cultures. Previously, we found that in clinical S. epidermidis isolates, loss of 
ica was irreversible and independent of the mobile element IS256. Therefore we 
investigated the role of LexA and RecA in the observed irreversible switching from 
ica-positive to ica-negative in clinical S. epidermidis isolates. In high frequency S. 

epidermidis switching strains, spontaneous mutations in lexA were found which 
resulted in deregulation of recA expression, as shown by real time PCR. RecA 
is involved in genetic deletions and rearrangements and we postulate a model 
representing a new mechanism of phenotypic variation in clinical isolates of S. 

epidermidis. This is the fi rst report of S. epidermidis strains irreversibly switching 
from ica-positive to ica-negative phenotype by spontaneous deletion of icaADBC, 
which represents a new mechanism of phenotypic variation.
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Introduction

Staphylococcus epidermidis is recognized with increasing frequency as an 
opportunistic and nosocomial pathogen, particularly in association with infections 
related to indwelling medical devices. Many studies have demonstrated that slime 
production, as governed by genes within the icaADBC operon, is one of the most 
important virulence factors in the pathogenicity of S. epidermidis1,18. Christensen 
et al.4 showed that slime production by S. epidermidis is not a stable phenomenon 
but undergoes phase variation. Recently, insertion or excision of transposon IS256 
has been identifi ed as one of the mechanisms responsible for regulation of ica- 

expression, either in the structural operon18 or other genes encoding proteins that 
regulate ica-expression such as rsbU and sarA5. It is a reversible mechanism since 
the ica-positive phenotype can be resumed from the ica-negative phenotype after 
repeated sub-culturing. However, Arciola et al.2,3 have reported that a signifi cant 
proportion (42%) of clinical S. epidermidis isolates are ica-negative and IS256 was 
never found inside the ica locus. They concluded therefore that this transposon 
is probably not a natural occurring mechanism for on/off switching of biofi lm 
production. 

We previously identifi ed irreversible, genotypic, switching from a ica-positive to 
a ica-negative phenotype in several clinical S. epidermidis isolates. After extended 
incubation on Congo Red Agar (CRA) of the ica-positive (black) and ica-negative 
(red) colony and repeated sub-culturing, no black colonies could be regained from 
red colony inocula. The black colonies were consistently smaller than the red 
colonies, while there was extensive fl occulation and reduced turbidity in broth 
cultures inoculated with black colonies. Importantly, the red variants from the 
fi ve strains studied had permanently lost icaA and icaC from their genome. This 
switching phenomenon was independent of IS256 and irreversible in nature15. 

The majority of biomaterial-related isolates are ica-negative3 and recently it 
was observed that the presence of the icaADBC operon represents a disadvantage 
when S. epidermidis colonizes the skin16. Therewith on one hand, icaADBC
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represents a growth disadvantage while on the other hand, the ability to express 
different slime-producing phenotypes could provide the staphylococci with 
a greater degree of fl exibility for colonizing a range of biomaterials4,12. The 
irreversible loss of the icaADBC operon could represent an important clinical 
phenomenon, and investigation of the mechanisms involved is desired. 

A recent report on the genomic sequence of S. epidermidis ATCC12228 
showed the complete deletion of the icaADBC operon and extensive genomic 
rearrangements of the region where the operon is normally found, as e.g. in S. 

epidermidis RP62A17. Similar as in S. epidermidis, high frequency of mutations is 
observed in Yersinia pestis that also involves black-red switching on CRA plates8. 
One of the mechanisms proposed involves recombinase A (RecA), catalyzing 
the genetic recombination between homologous regions of DNA. This enzyme is 
involved in the so-called SOS response; in the presence of damaged DNA, the 
expression of a number of genes involved in DNA repair is induced representing 
an inducible DNA repair and damage tolerance system. RecA acts to catalyse the 
recombination between homologous DNA, while LexA, a small (22 kDa) protein 
functions as a repressor at many operons of the SOS response, including both 
recA and lexA itself7,9. Interestingly, S. epidermidis ATCC12228, which contains 
extensive genomic rearrangements, contains a frame-shift mutation in lexA17 

resulting in a truncated protein.
The aim of the current study was to investigate the role of LexA and RecA in 

the observed irreversible switching from ica-positive to ica-negative in clinical iso-
lates of S. epidermidis. We hypothesize, based on observations in Y. pestis and 
the observed mutation in lexA in S. epidermidis ATCC12228, that random muta-
tions in lexA result in dysfunctional regulation of recA expression and consequently 
increased occurrence of genetic rearrangements and deletions (Fig. 1). 
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Materials and Methods

Strains and growth conditions

S. epidermidis strains (listed in Table 1) were grown in tryptone soya broth (TSB, 
Oxoid, Basingstoke, UK), as described previously (see chapter 2). The isolates were 
stored at -80°C in glycerol. S. epidermidis ATCC12228 and RP62A (ATCC35984) 
were used as reference strains from the literature.

Figure 1. Hypotheses indicating the role of recA and lexA in the occurrence of 
spontaneous genotypic switching.
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Pulsed Field Gel Electrophoresis (PFGE)

To exclude the clonal relatedness of clinical isolated staphylococci, PFGE was 
performed as previously described13,14. Briefl y, 0.5 mL of an overnight bacterial 
culture grown statically in TSB at 37°C was mixed with 2 μL of lysostaphin (Sigma-
Aldrich, Steinheim, Germany) and 300 μL of low melting temperature agarose 2% 
(w/v). The resulting agarose blocks were incubated for 3 h at 25°C in 120 μL of 
restriction buffer containing 40 U of SmaI. Electrophoresis was performed in an 
agarose 2% (w/v) gel in a CHEF DR III apparatus (Bio-Rad, Hercules, CA, USA), 
with a constant voltage of 200 V and a pulse time increasing from 5 to 40 s over 20 
h. The gels were stained with ethidium bromide and photographed.

DNA isolation, cloning, sequencing, and analysis of lexA genes

DNA isolation was performed as described previously in chapter 2. Briefl y, bacterial 
cells from overnight cultures grown in TSB, were pelleted by centrifugation, 

Table 1. S. epidermidis strains used in this study showing phenotypic variation, i.e. 
black (ica-positive) and red (ica-negative) colonies on CRA plates and percentage 
switched cells observed on these plates15. Strain 46 is a black (ica-positive), non-
switching strain used as the control strain.
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resuspended in 75 μL of demineralised water and treated with 25 μL of 1 mg mL-1 
lysostaphin for 10 min at 37°C. Ten μL 1 mg mL-1 proteinase K (Sigma-Aldrich, 
Steinheim, Germany) in demineralised water and 200 μL of 0.1 M Tris-HCl (pH 
7.5) was added and incubated for 30 min at 37°C. Samples were heated to 100°C 
for 5 min after which cell debris and unlysed cells were removed by centrifugation 
(21,000 x g for 10 min). The DNA in the supernatant was ethanol precipitated, 
dissolved in 100 μL 10 mM Tris-HCl, 1 mM EDTA (TE) and the concentration 
of DNA was determined using a Nanodrop UV/VIS spectrophotometer (Isogen-
Biosolutions Inc., Maarsen, the Netherlands). Samples were stored at -20°C until 
needed.

Furthermore, lexA was amplifi ed from the isolated genomic DNA using the 
primers listed in Table 2a. PCR products were then cloned into pCR2.1 (TA-
cloning kit, Invitrogen, Breda, The Netherlands) according to the manufacturer’s 
protocol. The presence of inserts was confi rmed by restriction analysis using 
EcoRI. Positive clones were used for transformation of Escherichia coli DH5α and 
plates containing positive clones were sent for commercial sequencing (Baseclear, 
Leiden, The Netherlands).

The lexA sequence of S. epidermidis isolates was analyzed using Basic 
Local Alignment Search Tool assessed from http://www.ncbi.nlm.nih.gov/blast 

and compared with the sequence of LexA translated protein from S. epidermidis 

RP62A published in the Gen Bank.
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Total RNA isolation and real time PCR analysis of recA expression

Total RNA was isolated from 24 h cultures grown in TSB at 37°C. Cells were 
harvested by centrifugation, and frozen at -80°C. Samples were thawed slowly 
on ice and resuspended in 100 μL water after which the bacterial suspension was 
frozen in liquid nitrogen. Frozen bacteria were grounded using a mortar and pestle. 
Total mRNA was isolated using the Invisorb® Spin Cell RNA Mini Kit according to 
the manufacturer’s instructions (Invitek, Freiburg, Germany). DNA was removed 
using the RNeasy mRNA clean-up protocol (Qiagen, Valencia, CA, USA) and 
absence of genomic DNA was checked by PCR prior to reverse transcription. For 
all samples 35 cycles of PCR using the gyrB primer set (Table 2b) did not result in 
any detectable signal. One μg of total RNA was used for cDNA synthesis (Iscript, 
Bio-rad, Veenendaal, The Netherlands) according to the manufacturer’s instruc-
tions. Reactions were prepared using the CAS-1200™ pipetting robot (Corbett Life 
Science, Sydney, Australia). The real time PCR used the following program: 95°C 
for 3 min, 40 cycles of 95°C for 15 s, primer specifi c annealing temperature (Table 

Table 2a. Primer sequences for PCR. bp = base pair.

Table 2b. Primers and their sequences for real time PCR. AT = optimal annealing 
temperature.
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2b) for 15 s, elongation at 72°C for 15 s. Expression levels of recA (see primers in 
Table 2b), were calculated using the 2-ΔΔC

T method11 using gyrB as a reference gene 
and S. epidermidis RP62A as the reference strain.

Results

PFGE 

In Fig. 2 the PFGE of the switching and reference strains are presented. The patterns 
showed different bands for the strains isolated from a black (ica-positive) and red 
colony (ica-negative), meaning that they were clonally unrelated. From the switching 
isolates, strain 493 and 906 showed different patterns of PFGE between black and 
red colonies. This indicated that in these two strains the number of recombination 
events is signifi cant, there are many genetic rearrangements meaning that new 
strains develop. The other strains tested showed identical patterns of PFGE 
between black and red colonies resulting in derivatives from the same strain, 
probably illustrating a lower number of recombination events in those strains. 

Cloning and sequencing of lexA

Upon sequencing of lexA of S. epidermidis ATCC12228 in our laboratory, no frame 
shift mutation was found, in contrast to a previous report, in which lexA appeared 
to contain a frame shift mutation resulting in a truncated protein17. Instead, multiple 
mutations resulting in two amino acid substitutions were observed (Fig. 3), both 
of which were within the essential N-terminal part of the protein10. From the fi ve 
switching clinical isolates, only strain 196 contained amino acid substitutions at 
different positions within LexA (Fig. 3). The other four strains (not shown) contained 
mutations in lexA, but none resulted in apparent amino acid substitutions and 
showed the same sequence as RP62A. Sequencing of strain 46 (black control) 
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showed a conserved amino acid change (lysine for arginine) that probably does not 
affect LexA activity.

Figure 2. PFGE results of the S. epidermidis switching strains and the two non-
switching reference strains RP62A and ATCC12228. For each strain  the left lanes 
represent DNA isolated from a red (R) colony and the  right lanes DNA isolated 
from a black (B) colony.
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Figure 3. Sequence alignment of translated lexA sequencing products. The 
sequences are compared to the published LexA sequence of S. epidermidis 
RP62A. ATCC12228* indicates the truncated LexA sequence as published in the 
database17, ATCC12228 is measured in this study. Mutated residues are indicated 
by gray shading.

Expression analysis of recA 

The effect of the mutations in lexA, as observed in S. epidermidis ATCC12228 and 
one of the clinical isolates, on recA expression was analysed using real time PCR. 
Relative to the reference strain, S. epidermidis RP62A, recA was over-expressed 
4 times in S. epidermidis ATCC12228 and 196, and 12 times in strain 906 (Fig. 4), 
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whereas the other three strains had no detectable expression of recA (data not 
shown). 

Figure 4. Relative expression of recA plotted using RP62A as a reference strain 
and gyrB as the reference gene. The 2-∆∆C

T was calculated from the average CT 

values.

Discussion

The fi ve clinical S. epidermidis isolates used in this study showed phenotypic 
variations, determined from its biofi lm forming ability, ica-status and electrophoretic 
mobility15. None of the isolates analysed originated from hospital acquired infection, 
but all were derived from patients that came into the clinic with infections thus 
limiting the chances of these isolates to be clonally related, as confi rmed by PFGE 
assay (Fig. 2). 
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Previous studies have shown that absence of ica is common among clinical S. 

epidermidis isolates3 and that in most of these ica-negative strains, IS256 is not 
present2. The fact that clinical isolates rapidly lose ica might explain that strains 
isolated from biofi lms are ica-negative once in the laboratory environment15. 

The involvement of RecA, which functioned as a catalyst in DNA recombination 
events7, in phenotypic variation of Y. pestis on CRA plates has been reported 
previously8. In addition, its activity is tightly regulated since inappropriate 
recombination can have serious consequences, such as deletion of genomic regions 
between repeats of genomic sequences6. In line with observations in Y. pestis, a 
high frequency of mutation is observed in several clinical S. epidermidis isolates 
used in this study. S. epidermidis ATCC12228, commonly used as an ica-negative 
reference strain, contains many inversions and rearrangements in its genome17. 
We hypothesized that the high frequency of deletion events is a consequence of 
mutations within lexA resulting in deregulation of recA expression and therewith 
a high frequency of recombination, insertion and genetic rearrangement events, 
causing a deletion of the icaADBC operon. Therefore recA expression was analysed 
in strains that had lost the icaADBC operon and appeared indeed upregulated in 
the strains ATCC12228, 196 and 906, as compared to RP62A (Fig. 4).  Remarkably, 
strains 196 and 906 are the clinical isolates with high % of switched colonies on CRA 
plates (see Table 1). These data give experimental evidence that our hypothesis 
was responsible for the occurrence of spontaneous genotypic switching in about 
two out of fi ve S. epidermidis strains included in this study.
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For Y. pestis it was proposed that the high frequency of mutations could occur 
because of the lack of selection for congo red binding8. In addition, the ability to 
produce polysaccharide intercellular adhesin (i.e., carrying the icaADBC locus) 
confers for S. epidermidis a selective benefi t in certain niches16. Because of the 
observed growth advantages of ica-negative S. epidermidis strains, it can be that 
there is a positive selection for ica-negative strains to develop due to increased 
fi tness. Therefore we propose the following model for the observed switching (Fig. 
5). Due to growth limitation of strains showing high expression of the ica-operon, 
selective pressure exists for mutants that lack this operon. These mutants develop

Figure 5. Schematic overview of the proposed series of events, leading to the 
deletion of the ica-operon. In the presence of LexA, transcription of recA is 
prevented, there are no genomic rearrangements and the icaADBC region is 
present thus resulting in black colonies on CRA plates. Due to mutations, LexA 
can no longer bind to the promoter region of recA resulting in RecA transcription 
and activity and the occurrence of genetic rearrangements and deletions. As a 
result the geh1/lip genes (and other regions) are inverted and the icaADBC region 
disappears thus resulting in red colonies on CRA plates.
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due to deregulation of recA as a consequence of (probably spontaneous) 
mutations in lexA. As a result of this mechanism, high frequency deletion of the 
ica-operon occurs. From the 105 strains isolated from blood, cerebrospinal fl uid, 
pus and urine we used in Chapter 2, biofi lm-negative phenotype was found in 85% 
of the strains tested. Additionally, Arciola and coworkers3 surveyed the presence 
of ica in 400 clinical S. epidermidis isolates from prosthesis-associated (i.e. biofi lm 
related) infections using a PCR method and found that 42% of the isolates were 
ica-negative3. If this random event results in deletion of the icaADBC operon this 
represents a growth advantage in broth (see chapter 2) and this would explain 
why the irreversible genotypic switching is commonly observed in clinical isolates, 
once they are cultured under ideal laboratory conditions2. The new switching 
mechanism described in the current study could explain the high occurrence of 
ica-negative clinical isolates as observed previously.

In conclusion, we observed a new mechanism of phenotypic variation in clinical 
S. epidermidis isolates, that deletion of ica appears to be caused by spontaneous 
mutations in lexA, which results in deregulation of recA expression leading to 
genetic rearrangements and deletions.
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Abstract 

Staphylococcus epidermidis is notorious for its biofi lm formation on medical 
devices and novel approaches to prevent and kill S. epidermidis biofi lms are 
desired. In this study the effect of cinnamon oil on planktonic and biofi lm cultures 
of clinical S. epidermidis isolates was evaluated. Initially, susceptibility to cinnamon 
oil in planktonic cultures was compared to commonly-used antimicrobial agents: 
chlorhexidine, triclosan and gentamicin. The minimal inhibitory concentration 
(MIC) of cinnamon oil, defi ned as the lowest concentration able to inhibit visible 
microbial growth, and the minimal bactericidal concentration (MBC), the lowest 
concentration required to kill 99,9 % of the bacteria were determined using the 
microbroth dilution method and plating on agar. A chequerboard assay was used 
to evaluate a possible synergy between cinnamon oil and the other antimicrobial 
agents. The effect of cinnamon oil on biofi lm growth was studied in 96 wells plates 
and with confocal laser scanning microscopy (CLSM). Biofi lm susceptibility was 
determined using a metabolic MTT-assay. Real time PCR analysis was performed 
to determine the effect of sub-MIC concentrations of cinnamon oil on expression of 
the biofi lm related gene, icaA. Cinnamon oil showed antimicrobial activity against 
both planktonic and biofi lm cultures of clinical S. epidermidis strains. There was 
only a small difference between planktonic and biofi lm MIC, ranging from 0.5-1% 
and 1-2%, respectively. CLSM images indicated that cinnamon oil is able to detach 
and kill existing biofi lms. Thus, cinnamon oil is an effective antimicrobial agent to 
combat S. epidermidis biofi lms.
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Introduction

Staphylococcus epidermidis is a Gram-positive bacterium and an important agent 
of nosocomial infections worldwide. Treatment of these infections is increasingly 
problematic because of the resistance of clinical isolates to an increasing number 
of antimicrobial agents and, more importantly, due to its ability to grow as a biofi lm. 
Biofi lm formation by S. epidermidis34 can be governed in part by the production of 
polysaccharide intercellular adhesin (PIA). PIA is produced by enzymes encoded 
by the ica-operon which comprises four intercellular adhesion genes: icaA, icaB, 
icaC and icaD. The expression of the ica-operon and biofi lm formation are tightly 
regulated by icaR under in vitro conditions15. Biofi lm formation can be infl uenced 
by changing environmental conditions, such as the presence of sub-inhibitory 
concentrations of antimicrobials like tetracycline and quinopristin-dalfopristin, as 
well as high temperature, anaerobiosis, ethanol stress and osmolarity8,9,26,37.  

Previous studies have demonstrated that microorganisms within biofi lms are 
less susceptible to antimicrobial treatment than their planktonic counterparts4 
probably due to a combination of poor antimicrobial penetration, nutrient limitation, 
adaptive stress responses, induction of phenotypic variability and persister cell 
formation28. For this reason, current research has been focused on identifying 
new compounds that have antimicrobial activity against microorganisms both in 
a planktonic and biofi lm mode of growth. Plant essential oils have been used 
in food preservation, pharmaceutical therapies, alternative medicine and natural 
therapies for many thousands of years 23,36.

Cinnamon oil is one of the essential oils commonly used in the food industry 
because of its special aroma6. Cinnamomum is a genus in the family Lauraceae, 
many species of which are used for spices. One of the species is Cinnamomum 

burmanni from Indonesia, also called Indonesia cassia (commercial name is 
“cinnamon stick”). Several publications have demonstrated the antibacterial activity 
of cinnamon oil isolated from the bark of this species12,18,22,39. Cinnamon oil was 
also shown to be effective against biofi lm cultures of Streptococcus mutans and 
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Lactobacillus plantarum14. In addition, essential oil derived from the leaves of 
another closely related species within this plant family, Cinnamon osmophloeum 
(endemic in Taiwan), had an excellent inhibitory effect on planktonic cultures of 
nine Gram-positive and Gram-negative bacteria, including methicillin-resistant 
Staphylococcus aureus and S. epidermidis6. Previous studies reported that the 
predominant active compound found in cinnamon oil was cinnamaldehyde36,39. 
Cinnamaldehyde causes inhibition of the proton motive force, respiratory chain, 
electron transfer and substrate oxidation resulting in uncoupling of oxidative 
phosphorylation, inhibition of active transport, loss of pool metabolites and 
disruption of synthesis of DNA, RNA, protein, lipid and polysaccharides11,13,33. In 
addition, an important characteristic of volatile oils and their components is their 
hydrophobicity, which enables them to partition into and disturb the lipid bilayer 
of the cell membrane, rendering them more permeable to protons. Extensive 
leakage from bacterial cells or the exit of critical molecules and ions ultimately 
lead to bacterial cell death36.  

The susceptibility of S. epidermidis to cinnamon oil derived from the bark of 
Cinnamomum burmanni, however, has never been published, neither for planktonic 
organisms nor for staphylococci in a biofi lm mode of growth. Hence, the current 
study was undertaken to establish the effi cacy of this oil as an antimicrobial 
agent against clinical S. epidermidis isolates in planktonic and biofi lm cultures. 
Chlorhexidine, triclosan, and gentamicin were used as positive controls in addition 
to examination of possible synergistic effects combining cinnamon oil with any of 
these clinically used antimicrobials.

Materials and Methods

Bacterial strains

Sixteen clinical isolates of S. epidermidis (Table 1) were collected from Sardjito 
Hospital, Yogyakarta, Indonesia, and identified as reported previously in the 
Microbiology Department, Gadjah Mada University, Yogyakarta, Indonesia32. 
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Isolates were obtained from blood, cerebrospinal fl uid, pus and urine. S. 

epidermidis RP62A (ATCC35984) and ATCC12228 were included as ica-positive 
and ica-negative reference strains, respectively. All strains were cultured at 37°C 
in tryptic soy broth (TSB, OXOID) with or without agar.

Clinical isolates of S. epidermidis were screened for the presence of icaA by 
PCR using the primers listed in Table 2a19,32,40. Briefl y, S. epidermidis strains were 
grown overnight at 37°C on a TSB agar plate. A colony of each isolate was taken 
and resuspended in 20 μL sterile demineralized water (dH2O). Samples were 
heated to 100°C for 5 min and the bacterial debris and unlysed organisms were 
removed by centrifugation (21,000 x g for 10 min). Five μL of the supernatants was 
used as template DNA in a PCR reaction using gyrB as a control for the presence 
of DNA. 

 

Antimicrobials

Cinnamon stick (Cinnamomum burmannii), originally produced in Indonesia, was 
obtained from a local market in Tawangmangu, in the center of Java, Indonesia 
and was authenticated by botanical experts. Cinnamon oil was extracted by steam 
distillation to obtain a volatile oil38. Stock solutions of 16% cinnamon oil in 5% 
propylene glycol (PG) and of 128 mg L-1 triclosan (Flochea) in 5% PG were made to 
enhance their solubility in suspension42 and used following dilution. Equal amounts 
(fi nal concentrations) of PG were included in cultures in order to determine the 
effect of PG in the absence of cinnamon. Chlorhexidine (Sigma Aldrich) and 
gentamicin (Sigma Aldrich) were diluted with sterile dH2O to obtain 4-fold stock 
solutions of 64 mg L-1 and 128 mg L-1 respectively, as positive controls.  

Susceptibility of planktonic bacteria to cinnamon oil in comparison with 
chlorhexidine, gentamicin and triclosan
The MIC and MBC values for cinnamon oil, chlorhexidine, triclosan and gentamicin 
of planktonic S. epidermidis cultures were determined in TSB using the microbroth 
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dilution method1. Suspensions of S. epidermidis were prepared by resuspending 
one colony of an overnight culture from TSB agar in TSB broth. The bacterial 
density was adjusted to 1x108 bacteria mL-1 in 0.9% NaCl, using the optical density 
at 625 nm of 0.08 to 0.10 as a reference, corresponding to 0.5 McFarland units. The 
bacteria were further diluted with TSB to obtain inocula containing 1x106 bacteria 
mL-1. Each well of a tissue culture polystyrene microtiter plate (water contact angle 
56 degrees; Falcon Becton Dickinson Labware, NJ, USA) containing 100 μL of 
antimicrobial agent at different concentrations or PG solution, was inoculated with 
100 μL bacterial suspension. Following 24 h incubation at 37°C, the wells were 
visually inspected for growth. The MIC was defi ned as the lowest concentration 
that did not show growth. Controls containing antimicrobial agents in broth 
without bacterial inocula were included. Following the MIC assay, MBC values 
were determined by plating 10 μL of each of the clear wells onto TSB agar plates. 
The MBC was defi ned as the lowest concentration yielding no growth following 
incubation at 37°C for 24 h. Data from at least three biological replicates were 
evaluated and averages were calculated.  

Synergistic effects of cinnamon oil with chlorhexidine, triclosan and 
gentamicin
To determine possible synergistic effects of cinnamon oil in combination with 
chlorhexidine, triclosan and gentamicin, a chequerboard assay was performed 
as described previously3,14,35. Briefl y, each well of a 96-well microtiter plate was 
fi lled with 100 μL of TSB, and 100 μL of cinnamon oil was added to the fi rst row 
in a two-fold decreasing concentration, while 100 μL of the other antimicrobial 
agent was added to the right column in decreasing concentrations. Thus, serial 
two-fold dilutions of the antimicrobial compounds were made in each row/column 
(fi nal concentrations were 2 to 0.01 % (v/v) for cinnamon oil, 32 to 0.2 mg L-1 for 
gentamicin and triclosan, and 8 to 0.05 mg L-1 for chlorhexidine). The wells were 
then inoculated with 100 μL of the bacterial suspensions containing 1x106 bacteria  
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mL-1. Controls containing inocula in TSB alone and antimicrobial compounds 
without inoculum were included. The microtiter plates were incubated at 37°C 
for 24 h and the MIC of the combination of both antimicrobial compounds were 
determined by visual inspection. 

To determine synergistic or antagonistic activity of antimicrobial combinations, 
the fractional inhibitory concentration (FIC) and FIC index (FICI) were determined 
as described by Odds35. Briefl y, the FIC of cinnamon oil and other antimicrobial 
agent was calculated as the MIC of each agent when used in combination with the 
other agent divided by the MIC when used alone (FIC = MIC in combination/MIC 
alone). Accordingly, each antimicrobial combination produced two FIC values, 
which were summed to produce the FICI (FICI= FIC cinnamon oil + FIC of other 
antimicrobial agent). Synergy was defi ned by a FICI value of ≤ 0.5, no interaction 
was defi ned by a FICI value of  > 0.5-4.0 and antagonism was defi ned by a FICI 
value of  > 410,35.

 
Biofi lm formation in the presence of cinnamon oil and the effect on icaA 
expression
Biofi lms were grown as described previously7,32. Briefl y, wells of a 96-wells tissue 
culture polystyrene microtiter plate (Falcon, Becton Dickinson Labware, NJ, USA) 
were fi lled with 100 μL of TSB containing cinnamon oil (2-fold fi nal concentrations) 
and subsequently inoculated with a 1:100 dilution of an overnight culture. Final 
concentrations of cinnamon oil were 2 to 0.01 % (v/v). After incubation for 24 h 
at 37°C, the plates were gently washed twice with phosphate-buffered saline 
(PBS; 10 mM potassium phosphate, 0.15 M NaCl, pH 7.0), and stained with 1% 
(w/v) crystal violet solution for 30 min at room temperature in order to determine 
the biofi lm mass. The excess stain was washed off with dH2O. Subsequently, the 
biofi lms were resuspended in acid–isopropanol (5% v/v 1 M HCl in isopropanol) 
and fi nally, the absorbance was measured at 575 nm (A575) in a Fluostar Optima 
microplate reader (BMG Labtech).
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Total RNA was isolated from 24 h biofi lm cultures grown with and without 0.01% 
cinnamon oil in 12-well tissue culture polystyrene plates (water contact angle 
59 degrees; Costar, Corning, NY, USA) as described previously32. Briefl y, after 
resuspending the biofi lms by pipetting, bacteria were pelleted by centrifugation, 
and frozen at -80ºC. Samples were thawed slowly on ice and resuspended in 
100 μL diethylpyrocarbonate (DEPC) 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 instructions. DNA 
was removed using the DNA free kit from Ambion and absence of genomic DNA 
was verifi ed by real time PCR prior to reverse transcription. For all samples, 35 
cycles of PCR using the gyrB primer set (Table 2b) did not result in any detectable 
signal. One μg of total RNA was used for cDNA synthesis (Iscript, Biorad) according 
to the manufacturer’s instructions. Real time PCR was performed as described 
previously32. Reactions were prepared in duplicate using the CAS-1200TM pipetting 
robot (Corbett Life Science, Sydney, Australia). Normalized expression levels of 
icaA (see primers in Table 2b), were calculated using the 2-∆∆C

T method27 with 
untreated biofi lms as controls and gyrB as the reference.  

Biofi lm susceptibility to cinnamon oil

Biofi lms were grown as described above but without cinnamon oil. After 24 h 
incubation at 37°C, the biofi lms were washed three times with sterile PBS, after 
which the biofi lms were exposed to 200 μL of cinnamon oil, with oil concentrations 
ranging from 2 to 0.01% (v/v). The plates were incubated for 1, 3 and 24 h at 
37°C after which the cinnamon oil was removed by washing twice with 200 μL 
PBS. Bacterial viability was analyzed using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, Sigma) as described previously5. Briefl y, 100 
μL prewarmed 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 for  
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30 min and the MTT solution was removed. Bacteria were washed once with PBS 
and resuspended in acid isopropanol (5% v/v 1 M HCl in isopropanol). Finally the 
absorbance was measured at 560 nm (A560). The biofi lm MIC was defi ned as the 
concentration of cinnamon oil showing A560 values equal to or lower than in the 
control i.e. the biofi lm-negative strain, S. epidermidis ATCC12228.

Confocal laser scanning microscopy (CLSM) was used to visualize biofi lms 
treated with 2% cinnamon oil for 1, 3 and 24 h. Biofi lms grown in 12-well tissue 
culture polystyrene plates were washed with PBS, and stained with the bacterial 
Live/Dead stain BacLight (Molecular Probes, Leiden, The Netherlands) for 30 min 
in the dark. Excess stain was removed and the biofi lms were submerged in 2 
mL PBS. CLSM images were collected using a Leica TCS SP2 confocal laser 
scanning microscope with a 40x water objective using 488 nm excitation and 500-
523 nm (green, alive) and 622-722 nm (red, dead) emission fi lter settings.
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Table 1. Planktonic MIC and MBC of cinnamon oil (CIN), chlorhexidine (CHX), 
triclosan (TRI) and gentamicin (GEN) against clinical S. epidermidis isolates. The 
values represent results of fi ve experiments with triplicate wells, always coinciding 
within one serial dilution.

Note that CIN is in % and CHX, TRI and GEN in mg L-1.
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Results

The susceptibility of clinical isolates of S. epidermidis to cinnamon oil, 
chlorhexidine, triclosan and gentamicin is summarized in Table 1. All clinical 
isolates included were susceptible to cinnamon oil with a planktonic MIC ranging 
from 0.5 to 1%, except for strain 1239 that showed a higher MIC of 2%. Ten out 
of 18 S. epidermidis strains used in this study, showed resistance to triclosan 
(MIC higher than 32 mg L-1)2,16,21,41. Gentamicin resistance was observed in 13 
out of 18 strains (MIC higher than 32 mg L-1)24. The planktonic MIC of clinical S. 

epidermidis strains for chlorhexidine, one of the most widely used skin antisepsis, 
was 1 to 4 mg L-1 and no resistant strains were observed25. The planktonic MBC’s 
of cinnamon oil were 2-fold higher (p < 0.001) than their MIC’s for the same strain. 
Chlorhexidine demonstrated a 4-fold higher (p < 0.001) MBC than MIC on average, 
while triclosan showed no cidal activity in the concentration range evaluated here 
(MBC > 32 mg L-1), except in strain 724.

Table 2. Primer sequences for (a) PCR and (b) real time PCR used in this study.

AT, optimal annealing temperature; bp, base pair
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Synergy between cinnamon oil and each of the other three antimicrobials was 
evaluated for three icaA positive clinical isolates (46, 64 and 236) and the two 
reference strains. Strain 46 is resistant to both triclosan and gentamicin, while 
strains 64 and 236 are only resistant to triclosan. Strains RP62A and ATCC12228 
are only resistant to gentamicin. A combination of cinnamon oil with gentamicin 
showed synergy for strain 64 and 236 (Table 3), while a combination of cinnamon 
oil with chlorhexidine showed synergy for all strains tested. A combination of 
cinnamon oil with triclosan showed only synergy for the two reference strains 
RP62A and ATCC12228 (Table 3).
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The effects of cinnamon oil on biofi lm formation by the high biofi lm-producing 
strains (46 and 64), intermediate biofi lm formers (236 and RP62A) and the 
negative control (ATCC12228) were determined. The negative control did not form 
a biofi lm, neither in the presence nor absence of cinnamon oil. The growth of S. 

epidermidis 46 and 64, a high biofi lm-producing strain, and RP62A could be 
inhibited by a cinnamon oil concentration of 0.5%, while the intermediate strain 236 

Table 3. Antimicrobial activities of cinnamon oil (CIN) in combination with 
chlorhexidine (CHX), triclosan (TRI) and gentamicin (GEN) against S. epidermidis 
clinical isolates using chequerboard assay.

GR, gentamicin resistance; TR, triclosan resistance; S = synergy, n.i. = no 
interaction
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required signifi cantly (p < 0.01) less cinnamon oil to prevent biofi lm growth (0.25%). 
Interestingly, for S. epidermidis RP62A and 236, there was a 2-fold (p < 0.05) 
induction of biofi lm formation by cinnamon oil at a concentration of 0.01 to 0.05% 
(see Fig. 1).

Since the effect of 0.01% cinnamon oil seemed to stimulate biofi lm formation, 
it was analyzed in more detail by following icaA-expression using real time PCR. 
Relative to the unexposed control, icaA was over-expressed in all strains when 
exposed to 0.01% cinnamon oil (see Fig. 2). Normalized fold expression of icaA was 
between 2–4 times for strains 46, 64 and 236 when exposed to 0.01% cinnamon. 
Interestingly, strain RP62A exposed to 0.01% cinnamon demonstrated a 37 times 
over-expression of icaA compared to the untreated control and a 10-fold stronger 
over-expression of icaA compared to the other strains.

Figure 1. Effect of cinnamon oil on S. epidermidis biofi lm formation. Biofi lm 
formation, as a function of cinnamon oil concentration, was as determined using 
crystal violet staining, Bars indicate the mean A575 values of three independent 
experiments, each done in triplicate wells. Values are expressed as means ± 
standard deviation.
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The susceptibility of S. epidermidis biofi lms to cinnamon oil was studied by 
exposing 24 h old biofi lms to cinnamon oil, ranging from 0.01 to 2% v/v for 1, 3 and 
24 h. The two high biofi lm-producing strains had a biofi lm MIC of 2% (46 and 64), 
whereas the intermediate biofi lm-producing strains (236 and RP 62A) showed a 
biofi lm MIC at 1% after 24 h. Interestingly, treatment of the intermediate biofi lm-
producing strains with 1% cinnamon oil for 3 h and 24 h, resulted in complete loss 
of metabolic activity, while 1 h exposure resulted in residual metabolic activity 
of 14% relative to the untreated control (Fig. 3A). For the high biofi lm-producing 
strains, 24 h exposure to 1% cinnamon oil did not result in complete loss of 
metabolic activity, but showed 20-30% residual metabolic activity (Fig. 3A).

Figure 2. Expression of icaA in S. epidermidis strains in response to cinnamon oil. 
The normalized fold-expression of icaA in biofi lms exposed to 0.01% cinnamon for 
24 h (grey bars) was plotted against unexposed control biofi lms (black bars) and 
using gyrB as the reference gene. The 2-∆∆C

T was calculated from the average CT 
values of two reactions.
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Exposure to 2% of cinnamon oil for 24 h resulted in a complete disappearance of 
metabolic activity (Fig. 3B).

Figure 3. Effect of cinnamon oil exposure on metabolic activity of S. epidermidis 
biofi lms after 1 h, 3 h and 24 h exposure. Biofi lms by high (strain 46 and 64) 
and intermediate biofi lm-producing strains (236 and RP62A)  were exposed to 1% 
(Panel A) or 2% (Panel B) cinnamon oil. Relative residual metabolic activity was 
calculated from A560 values with the unexposed control set to 100%. The error 
bars denote standard deviations over three experiments with separately cultured 
bacteria.

The effect of cinnamon oil on pre-existing biofi lms was also studied by CLSM. 
For the high biofi lm-producing strains, treatment with 2% cinnamon oil for 1 and 3 h 
reduced the number of bacteria present in the biofi lm (compare Fig. 4 B and C with
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A), but the remaining bacteria were viable (Figs. 4 B and C). After treatment for 
24 h, cinnamon oil effi ciently removed the majority of the bacteria from the biofi lm 
and in addition, the remaining bacteria were dead (Fig. 4D). For an intermediate 
biofi lm-producing strain exposed to 2% cinnamon oil, biofi lm detachment was 
observed after 1 h treatment (Figs. 4E and F) and remaining bacteria were viable, 
while 3 h and 24 h of treatment, resulted in both bacterial detachment and death 
(Figs. 4G and H, respectively). 

Discussion

Several investigations have studied the antimicrobial effects of cinnamon 
oil6,14,31,36,39. However, there is very limited information about its effect on S. 

epidermidis, either in planktonic or in biofi lm cultures. In the present study, it is 
shown that cinnamon oil has antimicrobial activity against both planktonic and 
biofi lm cultures of clinical S. epidermidis strains. This is in line with other reports 
showing that cinnamon oil had the most potent bactericidal properties compared to 
twenty other essential oils against different important pathogens36,39. Remarkably, 
many of the clinical S. epidermidis strains used in this study showed resistance 
to triclosan (10 out of 18 strains), an antimicrobial agent widely used in medical 
practice. In addition, resistance to gentamicin, the most commonly used antibiotic 
in bone cement with its wide antibacterial spectrum, was also common (13 out 
of 18 strains)30. These high proportions of resistant strains are probably due to 
the Indonesian origin of the strains, since antibiotic use is relatively wide-spread 
there, as compared to e.g. in The Netherlands20. Strains showing resistance to 
gentamicin, triclosan or both were still susceptible to cinnamon oil. Interestingly, 
the planktonic MIC and MBC to cinnamon oil were similar to the biofi lm MIC and 
MBC of the same strain, ranging from 0.5–1% and 1–2% v/v, respectively. This 
suggests that cinnamon oil has similar antimicrobial activity against planktonic 
bacteria and bacteria in biofi lms. 
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Figure. 4. Representative CLSM images of biofi lms of a high biofi lm-producing S. 
epidermidis strain 46 (A to D) and intermediate biofi lm-producing strain RP62A (E 
to H) in 12-well tissue culture polystyrene plates after exposure to 2% cinnamon 
oil for 1 h (B and F), 3 h (C and G) and 24 h (D and H) of incubation, while panels 
A and E showed untreated control biofi lms. Biofi lms were stained with BacLight 
viability stain and the bar marker denotes 75 μm in all images.
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In addition, another advantage of use the essentials oil over antibiotics may be that 
bacteria do not develop resistance to essential oils29. The present study showed that 
cinnamon oil has synergistic activity with chlorhexidine, triclosan and gentamicin 
except for strains that are resistant against triclosan or gentamicin. Importantly, no 
antagonism between cinnamon oil and any of the generally used disinfectants or 
antimicrobials included was observed. In combination with cinnamon oil, the amount 
of chlorhexidine, gentamicin and triclosan required to achieve growth inhibition 
was reduced signifi cantly (10, 8, and 50-fold, respectively; data not shown). For 
chlorhexidine, this fi nding is in line with results of a previous study showing that 
in combination with cinnamon oil, a 10-fold lower chlorhexidine concentration was 
needed for equivalent inhibition of biofi lm cultures of S. mutans and L. plantarum14. 
The synergistic activity between an essential oil and an antimicrobial agent may be 
due to their action on either different17 or similar targets of bacterial cells, i.e. cell 
membranes14,25. This is supported by results presented here. Cinnamon oil and one 
of its main components, cinnamaldehyde, act on the plasma membranes, similarly 
to chlorhexidine (inhibition of the same target), while gentamicin inhibits protein 
synthesis and triclosan inhibits a specifi c metabolic pathway required for fatty acid 
synthesis in bacteria (inhibition of different targets)14,25. The synergistic activity of 
cinnamon oil with other antimicrobial agents could be benefi cial in clinical settings, 
for example to improve skin antisepsis and to eliminate antimicrobial resistant S. 
epidermidis strains25. Using combinations of relatively cheap cinnamon oil with 
relatively expensive antimicrobials can lower the cost of therapy signifi cantly. 

Our results clearly indicated that the expression of icaA is strongly enhanced 
by the presence of sub-MIC concentrations of cinnamon oil. To our knowledge, this 
is the fi rst report that cinnamon oil could act as an inducer of biofi lm formation in 
clinical S. epidermidis strains. Biofi lm formation can be induced by conditions that 
are potentially toxic for bacterial cells, such as high osmolarity, detergents, urea, 
ethanol, oxidative stress, and the presence of sub-MICs of some antibiotics9,26,37. 
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Interestingly, CLSM imaging of cinnamon-treated biofi lms shows not only 
that biofi lm bacteria are effectively killed by cinnamon oil, but that cinnamon oil 
is also able to detach biofi lms. This shows that cinnamon oil has a dual mode 
of action against S. epidermidis biofi lms; it is able to detach adhering bacteria 
from a substratum surface and it can kill bacteria. Furthermore, from the CLSM 
analysis it appears that detachment of biofi lm bacteria is a more rapid process 
than the actual killing (compare the decrease in biomass with the absence of dead 
bacteria after 1 h incubation with cinnamon oil in Fig. 4). This also illustrates that 
the reduction in metabolic activity upon exposure of the biofi lm to cinnamon oil, 
as observed here, is predominantly caused by detachment rather than killing of 
biofi lm bacteria.

In conclusion, this study demonstrated that cinnamon oil has excellent 
antibacterial activity, either alone or in combination with triclosan, gentamicin or 
chlorhexidine, against clinical S. epidermidis isolates. This essential oil was able 
to inhibit biofi lm formation, detach existing biofi lms and kill bacteria in biofi lms 
of clinical S. epidermidis strains. Importantly, biofi lms were equally sensitive to 
cinnamon oil as their planktonic counterparts, probably due to the dual activity 
of cinnamon oil on existing biofi lms. Further study is warranted to elucidate the 
complex mode of action of cinnamon and its components, against biofi lms of S. 

epidermidis and other clinically relevant microbes.
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Abstract

Staphylococcus epidermidis is a nosocomial pathogen, associated with infections 
of indwelling medical devices. The ability to adhere and form biofi lms contributes 
to its virulence. Here, the infl uence of the ica-operon in S. epidermidis strains on 
its cell surface hydrophobicity, thermodynamics of adhesion, and biofi lm formation 
was evaluated. Lifshitz-Van der Waals and acid-base surface free energies of the 
bacterial and TC-PS (tissue-culture-polystyrene) surfaces were determined using 
contact angles, while biofi lm formation was assayed using crystal violet staining. 
Ica-positive strains were more hydrophobic due to a smaller electron-donating 
surface free energy parameter than ica-negative strains. In addition, interaction of 
ica-positive strains with the TC-PS surface was energetically favorable (ΔGadh < 0), 
in contrast to the interaction of ica-negative strains, which was energetically 
unfavorable (ΔGadh > 0). In line, more biofi lm was formed by the ica-positive strains 
than by the ica-negative strains, although CLSM analysis showed that slime was 
not necessarily directly involved in contact with the TC-PS. 
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Introduction

The frequent use of biomaterials for medical devices and implants in almost all 
fi elds of modern medicine bears the risk of bacterial infection. The commensal, 
Gram-positive bacterium Staphylococcus epidermidis, once considered harmless, 
is now regarded to be an opportunistic pathogen and nearly 80% of the biomaterial-
associated infections involve S. epidermidis18. S. epidermidis can form a biofi lm 
on almost any medical device, regardless of the material4,9 and once a biofi lm has 
formed, a chronic infection is generally established. In many cases, a biomaterial-
associated infection can not be cured by antibiotic treatment and the patient has to 
undergo surgical intervention in order to replace the implant at the expense of the 
patients’ quality of life and considerable costs to the health care system7. 

Biofi lm formation commences with initial adhesion of bacteria to a substratum 
surface and adhesion is a prerequisite for its formation. Subsequently, bacteria 
start to multiply and may continue to adhere to the substratum or to each other to 
form a mature biofi lm. Bacterial adhesion and subsequent biofi lm formation are 
complex processes, affected by numerous aspects, including the physico-chemical 
properties of the bacterial cell and substratum surfaces16. Cell surface hydro-
phobicity is one of the most infl uential physico-chemical properties of a bacterial 
cell surface involved in adhesion and can be derived from measured contact angles 
with liquids on carefully prepared bacterial lawns. Further analysis of measured 
contact angles, including measurements on substratum surfaces, can be applied in 
a surface thermodynamic approach to calculate the interaction energies between 
bacteria and a substratum surface (ΔGadh). Positive interaction energies are generally 
associated with unfavorable conditions for adhesion, although this association is 
not a priori ubiquitously valid and exceptions have been demonstrated as well. 
Similarly, the contact between bacteria can be thermodynamically analyzed 
based on measured contact angles with liquids to yield the interaction energy
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for bacterial aggregation (ΔGaggr). In an aqueous phase, a higher cell surface 
hydrophobicity is associated with a smaller aggregation energy (ΔGaggr).

Biofi lm formation by S. epidermidis has been demonstrated to also involve 
products of the chromosomal ica-operon, which comprises four intercellular 
adhesion genes (icaA, icaD, icaB and icaC). These genes dictate the production 
of polysaccharide intercellular adhesin (PIA), which mediates the contact between 
bacteria resulting in a multilayered biofi lm12,13. At present it is unclear how PIA 
production interferes with surface thermodynamics of S. epidermidis adhesion to 
substratum surfaces and each other.

Therefore, the aim of the present study was to determine how the presence 
of the ica-operon in S. epidermidis strains relates with their biofi lm formation 
on tissue-culture polystyrene (TC-PS) and possibly interferes with the surface 
thermodynamics of S. epidermidis adhesion.

Materials and methods

Bacterial strains

Five clinical S. epidermidis strains and two reference strains, with known ica- 
status 11, are used in this study, as presented in Table 1. All isolates were obtained 
from Sardjito Hospital, Yogyakarta, Indonesia, and identifi ed in the Microbiology 
Department, Gadjah Mada University, Yogyakarta, Indonesia. Strains were stored 
in 15% glycerol at -80°C, routinely grown on tryptone soya broth (TSB) (OXOID, 
Basingstoke, UK), with or without 1.5% bacto agar, at 37°C.
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Surface free energy determination of substratum and bacterial cell 
surfaces
Contact angles of water, formamide, methyleneiodide and α-bromonaphthalene 
were measured on TC-PS (Costar, Corning, NY, USA), using an automated contour 
monitor. For bacteria, similar measurements were performed on bacterial lawns1, 
prepared by depositing bacteria from an aqueous suspension on cellulose acetate 
membrane fi lters (Millipore, pore diameter 0.45 μm, Bedford, MA) under negative 
pressure until approximately 50 bacterial layers were stacked. Subsequently, fi lters 
were fi xed on a sample holder and left to dry until “plateau contact angles” could be 
measured (after approximately 30 min at room-temperature). Contact angles were 
determined on three different TC-PS surfaces, employing three droplets of each 
liquid on one surface. Analogously for each bacterial strain, three independently 
grown cultures were used, from each of which three fi lters were prepared. Contact 
angles were measured in triplicate on each fi lter for each liquid. 

Measured contact angles were converted into surface free energies using the 
Lifshitz-Van der Waals, acid-base approach17 

Table 1. S. epidermidis strains used in this study, including their ica-presence.

* ica-status for these strains has been reported previously10
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in which γLW is the Lifshitz-Van der Waals component of the surface free energy 
of the surface of interest (i.e. substratum sv or bacterial bv surface) and γlv is 
the surface free energy of the liquid-vapor interface. The acid-base surface free 
energy (γAB) was separated into an electron-donor (γminus) and electron-acceptor 
(γplus) parameter, according to 

          (2) 

Once known for a substratum and bacterial cell surface, the Lifshitz-Van der Waals 
approach can be used to calculate the interfacial free energy of adhesion (ΔGadh) or 
in case of contact between two bacteria, the interfacial free energy of aggregation 
(ΔGaggr), separated into a Lifshitz-Van der Waals and acid-base component as well 
according to8

          (3)

Biofi lm assay

Biofi lm assay was performed according to Christensen and co-workers3. Briefl y, 
12-wells plate of TC-PS were fi lled with 2 mL of TSB and subsequently inoculated 
with a 1:100 dilution of an overnight bacterial culture. After incubation for 24 h at 
37°C, the plates were gently washed twice with phosphate-buffered saline (PBS; 
10 mM potassium phosphate, 0.15 M NaCl, pH 7.0), and stained with 1% (w/v)

(1)

∆G = ∆GLW  + ∆GAB
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crystal violet (CV) solution for 30 min at room temperature in order to quantify 
the biofi lm mass. The excess stain was washed off with demineralized water by 
careful pipetting and biofi lms were resuspended in acid–isopropanol (5% v/v 1 M 
HCl in isopropanol) and 200 μL of that suspension was taken and added to a clean 
96-wells plate. The absorbance (A) was measured at 575 nm in a Fluostar Optima 
microplate reader (BMG Labtech, Offenburg, Germany), and used as a measure 
for the amount of biofi lm formed on the TC-PS surface. 

Architecture of the biofi lm

Confocal Laser Scanning Microscopy (CLSM) was performed to visualize the 
distribution of slime through the biofi lms for an ica-positive and an ica-negative 
strain, as described previously10. Briefl y, biofi lms were grown in 12-well plates as 
described above, washed once with PBS and stained with a BacLight Live/Dead 
stain (Invitrogen) and calcofl uor white (Optical Brightener, Sigma-Aldrich). After 
15 min incubation at room temperature in the dark, the staining solutions were 
removed and biofi lms were immersed in 1 mL PBS and analyzed over an area of 
375 x 375 μm with a Leica TCS SP2 CLSM with a 40 x water objective using the 
appropriate fi lter sets, as suggested by the manufacturers of the stains. 

Statistical analysis

First, all data were averaged for the ica-positive and ica-negative strains. Group 
averages were compared by applying independent Student’s t-test using SPSS 
software (Statistical Package for the Social Sciences), accepting signifi cance at p 
< 0.05.
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RESULTS

Contact angles, surface free energy parameters of the bacteria and TC-PS surface, 
together with their interaction energies are summarized at the strain level in Table 
2. Note that the Lifshitz-Van der Waals surface free energy components are 
similar among the different strains and the TC-PS surface, while major differences 
exist in the electron-donating and accepting surface free energy parameters. 
Also Lifshitz-Van der Waals interaction energies are always negative (indicating 
attractive conditions), both for the staphylococci viz a viz TC-PS as well as viz a 
viz each other. Acid-base interactions are generally positive. Further presentation 
and discussion of the results will be based on averages over the ica-positive and 
ica-negative strains. 

Figure. 1. Average electron-donating surface free energy parameters (γminus) for 
the groups of ica-positive (black) and ica-negative (white) S. epidermidis strains, 
showing a signifi cant difference at p < 0.05. Values are presented as means ± 
standard deviation over the respective groups.



Adhesion thermodynamics

93

On average, the ica-positive strains have a signifi cantly (p < 0.05) higher 
water contact angles than the ica-negative strains, causing the electron-donating 
surface free energy parameter (γminus) of the ica-positive strains to be signifi cantly 
smaller than of the ica-negative strains (see Fig. 1). The average Lifshitz-Van der 
Waals component for ica-positive strains (36.8 mJ m-2) was statistically similar (p 
> 0.05) to the one of the ica-negative strains (39.6 mJ m-2).

Figure 2. Average interfacial free energies of adhesion (ΔGadh) of S. epidermidis 
strains with TC-PS for the groups of ica-positive (black) and ica-negative (white) 
strains, showing a signifi cant difference at p < 0.05. Values are presented as 
means ± standard deviation over the respective groups.
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The group of ica-positive strains had a negative interfacial energy of adhesion 
(ΔGadh) to TC-PS (Fig. 2) mainly due to attractive Lifshitz-Van der Waals interactions, 
indicating that their adhesion is thermodynamically favorable. In contrast, the group 
of ica-negative strains had a positive interfacial energy of adhesion, indicative of 
unfavorable thermodynamic conditions. Similarly, the infl uence of the ica-status 
on the interfacial free energy of aggregation (ΔGaggr) is summarized in Fig. 3, but 
no signifi cant difference in interfacial free energies of aggregation between the 
groups of ica-positive and ica-negative strains was found (p = 0.06). 

Figure 3. Average interfacial free energies of aggregation (ΔGaggr) for the groups 
of ica-positive (black) and ica-negative (white) S. epidermidis strains. Differences 
are not signifi cantly different (p = 0.06). Values are presented as means ± standard 
deviation over the respective groups.
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The CV absorption by biofi lm of the groups of ica-positive and ica-negative 
strains on TC-PS (Fig. 4) showed that in general the group of ica-positive strains 
formed signifi cantly more biofi lms than ica-negative strains. The projected side-
views of biofi lms on TC-PS of an ica-positive and ica-negative strain shown in 
Fig. 5 confi rm that the ica-positive strain formed the thicker biofi lm. Moreover, Fig. 
5 indicates that slime is not necessarily involved in the direct contact of the ica-
positive strain with the TC-PS surface, but lightly distributed through the biofi lm 
and accumulating mostly at its surface.

Figure 4. Average CV absorption by S. epidermidis biofi lms formed on TC-PS 
for the groups of ica-positive (black) and ica-negative (white) strains, showing 
signifi cant differences at p < 0.05. Values are presented as means ± standard 
deviation over the respective groups.
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Figure 5. Projected sideviews of stained biofi lms of an ica-positive strain (S. 
epidermidis 64, top panel) and an ica-negative strain (strain 134, bottom panel) 
grown on TC-PS. The green color represents live bacteria, red dead bacteria and 
blue represents the slime in the biofi lm. Total width of both images is 375 μm and 
the respective heights are indicated with arrows.
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Discussion

S. epidermidis is now recognized to be one of the most common causes of serious 
nosocomial infections19, which is related to the organism’s ability to adhere to 
indwelling medical devices and form biofi lms on them20. Biofi lm formation is a 
major feature determining S. epidermidis virulence in device-related infections14. 
Several epidemiological studies found an association between a clinically relevant 
S. epidermidis strain, a biofi lm positive phenotype2 and expression of the icaADBC 
operon5,6,21. In this study we evaluated the infl uence of the ica-operon in clinical S. 

epidermidis isolates on their thermodynamics of adhesion and aggregation, in the 
context of biofi lm formation.

It has been shown previously that bacterial and substratum surface hydro-
phobicities take an important role in initial microbial adhesion. However, there have 
been inconsistent reports on the infl uence of bacterial cell surface hydrophobicity on 
adhesion15, which might be due to interference by PIA production. This study shows 
that the presence of the ica-operon affects the hydrophobicity of the bacterial cell 
surface with an impact on the surface thermodynamics of adhesion. Ica-positive 
strains are more hydrophobic than ica-negative strains. PIA was identifi ed as a 
linear homoglycan, consisting of 1-6-linked N-acetylglucosaminoglycan partially 
substituted with O succinyl groups. Part of the N-acetylglucosamine units was 
found to be deacetylated and therefore positively charged in aqueous media. It is 
also rich in relatively hydrophobic N-acetyl groups, which explains why our group 
of ica-positive strains has a higher water contact angle and they want to stick 
together more in an aqueous environment to form a biofi lm. The water contact 
angle, however, is an incomplete thermodynamic discriminator of cell surface 
hydrophobicity and by encompassing all four liquid contact angles in the analysis, 
a more formal defi nition of cell surface hydrophobicity on the basis of ΔGaggr  can be 
obtained. Since hydrophobic microorganisms should prefer aggregating to each 
other instead of staying in an aqueous phase, higher contact angles should be 
accompanied by less positive or even negative energies of aggregation. From Fig. 3 it
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can be seen that this is the case, although the more hydrophobic ica-positive strains 
do not show a negative interfacial free energy of aggregation, likely because their 
water contact angle does not exceed 90 degrees. 

Interestingly, in the present study, it was shown that the ΔGadh of ica-positive 
strains is negative and therefore staphylococcal adhesion will be thermo-
dynamically more favorable than for ica-negative strains, for which ΔGadh is 
positive. Biofi lm formation on TC-PS of the group of ica-positive strains relative to 
the group of ica-negative strains is indeed according to surface thermodynamic 
analysis, both on the basis of UV staining as well as on basis of projected 
side-views obtained using CLSM. Ica-presence appears not to interfere with 
thermo-dynamic modeling of adhesion here, likely because slime appears not to 
be a direct intermedium between adhering staphylococci and the TC-PS surface. 
However, adhesion of the ica-negative strains to TC-PS is not in accordance with 
surface thermodynamics because in principle adhesion is ruled out when ΔGadh 
is positive. This may point out that for adhesion to occur, the Lifshitz-Van der 
Waals interaction, , may be more infl uential than the total interaction energy, 
comprising also acid-base interactions (see Fig. 2). 

In conclusion, ica-positive S. epidermidis strains able to produce PIA are more 
hydrophobic than ica-negative strains, which may stimulate their aggregation 
during biofi lm formation. Subsequent surface thermodynamic analyses predicted 
better adhesion to TC-PS of ica-positive strains than of ica-negative strains and 
by consequence, ica-positive strains formed more extensive biofi lms than ica-
negative ones. Slime in a biofi lm of an ica-positive strain was lightly present in 
between bacteria and predominantly at the outside of the biofi lm, and not so much 
involved in the direct contact of the bacteria with the TC-PS surface. 
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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.



Ica-expression

107

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.
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Introduction

The increasing use of biomaterials in modern medicine has improved the quality 
of life of many patients. However as a drawback, the occurrence of biomaterial-
associated infections (BAI) is increasing and now becoming a serious health 
threat to patients, as well as a fi nancial burden to the society. Staphylococcus 

epidermidis, generally regarded as an opportunist pathogen, is now recognised as 
a real ‘‘new’’ pathogen, since it is the major etiologic agent of BAI. BAI is generally 
related to microbial biofi lm formation, defi ned as a microbial community encased in 
a matrix of self-produced extracellular polymeric substances (slime). Slime affects 
antimicrobial resistance as well as the effectiveness of the host immune system. 
Currently, no effective non-invasive technique exists to prevent or destroy biofi lms 
associated with BAI. Systemic antibiotics predominantly attack a biofi lm infection 
through the outermost layers of the biofi lm, which is usually ineffective as bacteria 
continue to grow from the inner layers combined with an increased production 
of extracellular polymeric substances. This constitutes the main reason why 
biomaterial implants related to an infection nearly always have to be removed. 

Polysaccharide intercellular adhesin (PIA) is the most important component of 
the staphylococcal slime and production of PIA is catalyzed by proteins encoded 
within the icaADBC operon. Different S. epidermidis strains vary widely in the 
degree of PIA or slime, and biofi lm they produce13. The importance of the ica-
operon has been confi rmed in numerous epidemiological studies, which found 
a higher prevalence of the ica-genes in clinical than in control skin isolates3,7,23. 
Clinical strains of S. epidermidis obtained from urinary tract infection4, as well as 
from paediatric cancer patients receiving chemotherapy are reported to be related 
with ica-presence6. Up till now, our understanding of how expression of the ica-
locus and PIA biosynthesis in S. epidermidis is regulated is far from complete and 
many questions still remain. This study addresses the questions of whether the 
regulation of icaADBC expression during biofi lm formation by clinical S. epidermidis
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isolates on different biomaterials is different, and how environmental signals affect 
this regulation.

Phenotypic and genotypic instability

Phenotypic variation in ica-presence is commonly observed in S. epidermidis. 
Ziebuhr and coworkers identifi ed an insertional element (IS256) that was capable 
of inserting itself into the ica-locus resulting in ica-negative phenotypes22. This 
disruption was shown to be reversible as precise excision from the ica-locus was 
observed at low incidence resulting in ica-positive phenotypes.

We and others1,2 have shown that a signifi cant proportion (42-85%) of clinical 
isolates are ica-negative during culturing in the laboratory. In contrast to studies 
showing a reversible switching (phenotypic switching) between ica-positive and 
ica-negative phenotypes, the ica-locus was permanently lost in these strains. The 
absence of IS256 and phenotypic variation in these clinical S. epidermidis isolates 
and the inability to switch back to ica-positive suggested a new mechanism of 
switching in terms of biofi lm formation involving genetic instability. We showed 
that the presence of the ica-locus in clinical isolates represents a disadvantage 
for growth in laboratory conditions. In line with this, it was recently suggested 
that the presence of the icaADBC operon represents a disadvantage when S. 

epidermidis colonizes the skin18. Strains that have a high level of PIA production 
have a signifi cant growth disadvantage under commensal conditions and are 
therefore outcompeted by strains with more moderate or absent PIA production. 
Whereas PIA production enables staphylococci to survive and grow under hostile, 
infection related conditions (biofi lms), during commensal colonization (as well as 
during planktonic growth), PIA production can be considered a burden that can 
easily be subsided. It is important to conclude that the ability to express different 
slime-producing phenotypes could provide staphylococci with a greater degree of 
fl exibility for colonizing a range of different environments5,14. Too much or no PIA 
production is only favourable under specifi c conditions while the ability to regulate
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PIA production allows the organism to adapt to all conditions, both commensal and 
infectious.

Our study shows that clinical isolates of ica-positive S. epidermidis strains 
rapidly lose the ica-locus, explaining why a large proportion of strains isolated 
from biofi lm related infections appears ica-negative once grown planktonically 
under laboratory conditions. An alternative explanation could be that in biofi lms 
a low level of ica-negative cells exist. Upon laboratory culturing, these cells will 
have a growth advantage and subsequently outcompete the ica-positive cells even 
though these represent a majority of the inoculum. In any case, the irreversible 
loss of the icaADBC operon represents an important clinical phenomenon.

Mechanism of genotypic variation

Phenotypic variation with regard to slime production in Yersinia pestis, was 
shown to involve recombinaseA (encoded by recA)8. Interestingly, the biofi lm-
negative reference strain S. epidermidis ATCC12228 is ica-negative and when 
compared to the biofi lm-positive reference strain S. epidermidis RP62A, this strain 
demonstrated extensive genomic rearrangements21. ATCC12228 also contained 
a frame-shift mutation in lexA. LexA is involved in the SOS response in bacteria 
where LexA regulates activity of the major recombinase, RecA. We showed using 
Pulse Field Gel Electrophoresis that in several genetically instable S. epidermidis 

strains extensive genomic rearrangements occurred during culturing. In addition, 
several strains contained mutations within lexA resulting in amino acid changes 
or early translation termination. As a consequence of these mutations in lexA, 

recA expression was deregulated. Therefore, we assumed that the responsible 
mechanism of genotypic variation in our isolates was due to the spontaneous 
mutations in lexA, facilitating dysfunctional regulation of recA expression. As a 
result, increased occurrence of genetic rearrangements and deletions will occur. 
If these deletions include the ica-operon, resulting strains will have a growth 
advantage under laboratory conditions and therefore will be selected for. These
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results suggest an alternative, and probably very common mechanism of genotypic 
variation in S. epidermidis, in addition to the previously described mechanism of 
phenotypic variation involving IS256, as extensively reported on by Ziebuhr et al22.

Ica-presence affects cell surface properties 

A consequence of phenotypic and genotypic variation is the development of 
heterogeneity in cell surface characteristics of individual bacteria in axenic 
cultures. Ica-positive cells will produce small amounts of slime on their cell surface 
while ica-negative mutants in the same culture will not. A previous study with 
Enterococcus faecalis has shown that heterogeneity of the electrophoretic mobility 
distribution (measured as zeta potential) of a culture is an important determinant 
for biofi lm formation20. In our study S. epidermidis strains with genotypic variations 
showed heterogeneous electrophoretic mobility distribution at low pH. PIA shifted 
the isoelectric point of the bacteria to slightly higher pH values, which is in line 
with the chemical make up of PIA as a linear homoglycan, consisting of 1-6-linked 
N-acetylglucosaminoglycan partially substituted with O succinyl groups. Part of 
the N-acetylglucosamine units is deacetylated and therefore positively charged in 
aqueous media.

In addition, PIA is also rich in relatively hydrophobic N-acetyl groups, which 
explains why ica-presence affects the hydrophobicity of the bacterial cell surface, 
which is more hydrophobic in ica-positive strains. In addition, further analysis of 
interfacial free energies of adhesion, showed that ica-presence also affects the 
thermodynamics of adhesion. We observed that two essential adhesion events are 
required for biofi lm formation; adhesion to the substratum surface and adhesion 
to other bacteria, which are both surface-related processes. Ica-presence affects 
thermodynamics of both processes in a favourable way by lowering the acid-base 
component of the Gibbs free energy of adhesion.



Chapter 7

128

Ica and antibiotics

Reduced antibiotic susceptibility of bacteria in biofi lms is thought to be due to a 
combination of an altered microenvironment, adaptive responses, the presence of 
bacterial persister cells and/or poor antibiotic penetration19. There is some evidence 
suggesting that binding of the positively charged aminoglycosides to biofi lm matrix 
polymers retards penetration of these agents12. Several stress responses induce PIA 
production and biofi lm formation in S. epidermidis. For instance, presence of sub-
MIC of various antibiotics and disinfectants, i.e. tetracycline and erythromycine17, 
ethanol11, benzyl alcohol15, chlorhexidine, benzalkonium chloride9 were reported to 
induce slime production through higher expression of the ica-operon. In line, we 
recently showed that in ica-positive S. epidermidis strains biofi lm formation and ica-
expression is increased by the exposure of sub-MIC concentrations of cinnamon 
oil, a commonly used alternative medicine in Indonesia. However, cinnamon oil 
exhibited a potent antimicrobial activity against both planktonic and biofi lm cultures 
of clinical S. epidermidis strains (also gentamicin resistant isolates). 

Furthermore, cinnamon oil demonstrated to be an excellent antibacterial 
agent, either alone or in combination with triclosan, gentamicin or chlorhexidine, 
against clinical S. epidermidis isolates. This essential oil was able to inhibit biofi lm 
formation, detach existing biofi lms and kill bacteria in biofi lm. Importantly, biofi lms 
were equally sensitive to cinnamon oil as their planktonic counterparts, probably 
due to the dual activity of cinnamon oil on existing biofi lms. Since antibiotics 
resistance is developing rapidly, cinnamon oil could be a potential source of 
antimicrobial agent against planktonic and biofi lm cultures of S. epidermidis, either 
alone or in combination with other antibiotics.
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The slime production and ica-expression dictated by substratum

Ica-expression in staphylococci has been shown to be induced by adhesion to 
surfaces illustrating that bacteria can sense the contact with a surface. Induction 
of icaA in S. aureus is dependent on properties of the material as e.g. polystyrene 
(PS) induces low-level ica-expression, while tissue-culture treated PS induces 
much higher ica-expression10. As a consequence, biofi lm formation on TC-PS is 
much more pronounced than on PS. Similarly, it has been shown that adhesion 
to PS induces icaA-expression and gentamicin resistance in S. aureus, while 
adhesion to polymer brush-coated PS does not16. 

In our study, ica-expression of clinical S. epidermidis isolates was dependent 
on the surface that the bacteria encountered. For instance, in ica-positive strains, 
polyethylene (PE) induces more PIA production while in contrast, for the same 
strains, polymethylmetacrylate (PMMA) does not. Despite intensive investigations, 
we have not identifi ed a single material property that regulates ica-expression, nor 
is there any information on the mechanism of regulation involved. Moreover, this 
difference in slime formation impacted susceptibility of the biofi lms to gentamicin, 
an important antibiotic use in treatment of orthopaedic implant related infections. 
Also the presence of an antibiotic like gentamicin, appeared to stimulate slime 
formation in excess of the amount of slime induced by a surface. Importantly, these 
results implicate that infections of orthopaedic implant surfaces by S. epidermidis 
biofi lms on PE may initially be more diffi cult to eradicate than on PMMA or SS. 

In this respect, development of strategies to combat biomaterial-related 
infection requires detailed knowledge of the interaction between the bacterium and 
biomaterial. One approach to achieve this could be by modifying the biomaterial 
surface in order to interfere with ica-expression and subsequently with biofi lm 
development. Such a modifi ed biomaterial would be a biomaterial that does not 
induce any ica-expression, reducing the tendency for staphylococci to form a 
biofi lm on these biomaterials and simultaneously reducing the level of resistance 
of adhered cells because slime formation is minimized.
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Conclusion

Living at the edge between commensalism and pathogenicity, S. epidermidis has 
developed many strategies to conquer different clinical environments, including 
the novel ecological niche of biomaterials. Additionally, the increasing number 
of immuno-compromised patients offers microorganisms a very susceptible 
host. Bacteria in the clinical environment are subjected to high selective 
forces owing to the host immune system and extensive use of antibiotics and 
disinfectants. Occupation of this ecological niche by a microorganism requires 
special prerequisites that are obviously met by S. epidermidis. Biofi lm formation, 
the acquisition of resistance traits and the enormous genome fl exibility of 
staphylococci are features that help their survival in specifi c environments and are 
the main reason why staphylococci have become the most successful pathogens 
in clinical settings. In relation to their emergence as true pathogens, S. epidermidis 
should therefore be taken more seriously and should follow the same strict hygiene 
measures already established for S. aureus in medical facilities24. 
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Summary

Staphylococcus epidermidis is a nosocomial pathogen, associated with infections 
of indwelling medical devices. The ability to adhere and form biofi lms on biomaterial 
surfaces contributes to its virulence. Biofi lm formation of S. epidermidis is infl uenced 
by the presence of polysaccharide intercellular adhesin, synthesized by proteins 
encoded in the icaADBC operon. 

Regulatory network controlling expression of icaADBC and other factors 
that are reportedly involved in biofi lm formation by S. epidermidis have been 
described in Chapter 1. Further, the role of physico-chemical surfaces properties 
and biocides in adhesion and biofi lm formation are discussed. The main aim of 
this thesis was to investigate the regulation of icaADBC gene expression during 
biofi lm formation of clinical S. epidermidis isolates on different biomaterials and 
how environmental signals affect this regulation.

Expression of ica is subject to phenotypic variation, which can result in 
heterogeneity in surface characteristics of individual bacteria in axenic cultures. 
In Chapter 2, the relationship between phenotypic variation of clinical isolates 
of S. epidermidis, biofi lm formation and electrophoretic mobility distribution 
was investigated. Five clinical S. epidermidis isolates demonstrated phenotypic 
variation, i.e. both black and red colonies on Congo Red Agar. Black colonies 
displayed bi-modal electrophoretic mobility distributions at pH 2, but such 
phenotypic variation was absent in red colonies of the same strain as well as in 
control strains without phenotypic variation. All red colonies had lost ica and the 
ability to form biofi lms, in contrast to black colonies of the same strain. Real time 
PCR targeting icaA indicated a reduction in gene copy number within cultures 
exhibiting phenotypic variation, which correlated quantitatively with phenotypic 
variations on Congo Red Agar and electrophoretic mobility distribution. 
Strikingly, loss of ica was irreversible and independent of the mobile element 
IS256, indicating a new, unknown mechanism of phenotypic variation in clinical 
S. epidermidis isolates.
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Phenotypic variation of S. epidermidis involving the slime related ica-operon 
results in heterogeneity in surface characteristics of individual bacteria in axenic 
cultures. As described in Chapter 2, we found that in clinical S. epidermidis 

isolates, loss of ica was irreversible and independent of the mobile element IS256. 
Therefore in Chapter 3, we investigated the role of LexA and RecA in the observed 
irreversible switching from ica-positive to ica-negative in clinical S. epidermidis 

isolates. In high frequency S. epidermidis switching strains, spontaneous mutations 
in lexA were found which resulted in deregulation of recA expression, as shown by 
real time PCR. RecA is involved in genetic deletions and rearrangements and we 
postulate a model representing a new mechanism of phenotypic variation in clinical 
isolates of S. epidermidis. This is the fi rst report of S. epidermidis strains irreversibly 
switching from ica-positive to ica-negative phenotype by spontaneous deletion of 
icaADBC, which represents a new mechanism of phenotypic variation.

S. epidermidis is notorious for its biofi lm formation on medical devices 
and novel approaches to prevent and kill S. epidermidis biofi lms are desired. 
In Chapter 4, the effect of cinnamon oil on planktonic and biofi lm cultures of 
clinical S. epidermidis isolates was evaluated. Initially, susceptibility to cinnamon 
oil in planktonic cultures was compared to commonly-used antimicrobial agents: 
chlorhexidine, triclosan and gentamicin. The minimal inhibitory concentration 
(MIC) of cinnamon oil, defi ned as the lowest concentration able to inhibit visible 
microbial growth, and the minimal bactericidal concentration (MBC), the lowest 
concentration required to kill 99.9 % of the bacteria were determined using the 
microbroth dilution method and plating on agar. A chequerboard assay was used 
to evaluate a possible synergy between cinnamon oil and the other antimicrobial 
agents. The effect of cinnamon oil on biofi lm growth was studied in 96 wells plates 
and with confocal laser scanning microscopy (CLSM). Biofi lm susceptibility was 
determined using a metabolic MTT-assay. Real time PCR analysis was performed 
to determine the effect of sub-MIC concentrations of cinnamon oil on expression of 
the biofi lm related gene, icaA. Cinnamon oil showed antimicrobial activity against 
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both planktonic and biofi lm cultures of clinical S. epidermidis strains. There was 
only a small difference between planktonic and biofi lm MIC, ranging from 0.5-
1% and 1-2%, respectively. CLSM images indicated that cinnamon oil is able to 
detach and kill existing biofi lms. Thus, cinnamon oil is an effective antimicrobial 
agent to combat S. epidermidis biofi lms.

The infl uence of the ica-operon in S. epidermidis strains on its cell surface 
hydrophobicity, thermodynamics of adhesion, and biofi lm formation was evaluated 
in Chapter 5. Lifshitz-Van der Waals and acid-base surface free energies of the 
bacterial and TC-PS (tissue-culture-polystyrene) surfaces were determined using 
contact angles, while biofi lm formation was assayed using crystal violet staining. 
Ica-positive strains were more hydrophobic due to a smaller electron-donating 
surface free energy parameter than ica-negative strains. In addition, interaction 
of ica-positive strains with the TC-PS surface was energetically favourable (ΔGadh 
< 0), in contrast to the interaction of ica-negative strains, which was energetically 
unfavourable (ΔGadh > 0). In line, more biofi lm was formed by the ica-positive strains 
than by the ica-negative strains, although CLSM analysis showed that slime was 
not necessarily directly involved in contact with the TC-PS. 

S. epidermidis generates a polysaccharide intercellular adhesin (PIA), that 
facilitates bacterial cell aggregation and colonisation of biomaterial implants, which 
is regulated by the icaADBC operon. Ica-expression depends on environmental 
conditions that may include the implant biomaterial and the presence of antibiotics. 
Chapter 6 is aimed to evaluate biofi lm formation and ica-expression of four 
S. epidermidis strains on different biomaterials involved in total hip- and knee 
arthroplasty (polyethylene: PE, polymethylmethacrylate: PMMA and stainless steel: 
SS). Secondly, ica-expression in biofi lms on the different biomaterial surfaces was 
related to the susceptibility of the biofi lms to gentamicin. Ica-expression, assayed 
using real-time RT-PCR, was highest on PE, as confi rmed using CLSM. Yet biofi lm 
formation by S. epidermidis was most extensive on SS, with less slime production. 
Ica-expression and slime production were minimal on PMMA. After 3 h continued 
growth of 24 h old biofi lms in the presence of gentamicin, biofi lms on PE showed 
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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 if its concentration is high enough, killing results. Results suggest that 
biomaterial-associated infections in orthopedics by S. epidermidis on PE may be 
more diffi cult to eradicate than on PMMA or SS.

The results of this thesis are discussed in Chapter 7. Here we present an 
explanation of why a large proportion of clinical S. epidermidis strains isolated 
from biofi lm-associated infections appears ica-negative once grown planktonically. 
Additionally, the presence of gentamicin, as well as cinnamon oil, is suggested to 
be a co-regulator of ica-expression and slime production in S. epidermidis isolates 
together with the substratum. Therefore, development of a modifi ed biomaterial 
is proposed that does not induce ica-expression, reduces the tendency for 
staphylococci to form a biofi lm and the level of antibiotic resistance.



Summary

140



Samenvatting



Samenvatting

142

Samenvatting

Staphylococcus epidermidis is een ziekenhuisgerelateerde pathogeen die 
geassocieerd wordt met infecties van inwendige medische implantaten. De 
mogelijkheid van S. epidermidis om te hechten op biomateriaal oppervlakken en 
biofi lms te vormen dragen bij aan de virulentie. Biofi lm vorming van S. epidermidis 
wordt beïnvloed door de aanwezigheid van polysacharide intercellulaire adhesine, 
wat gesynthetiseerd wordt door eiwitten die gecodeerd liggen in het icaADBC 
operon.

Het regulatie netwerk voor controle van icaADBC expressie alsmede andere 
factoren die betrokken zijn bij biofi lm vorming van S. epidermidis zijn beschreven 
in hoofdstuk 1. Verder worden hier de rol van fysisch-chemische eigenschappen 
van het bacterie oppervlak en de invloed van biocides in de aanhechting en 
biofi lm vorming beschreven. Het belangrijkste doel van dit proefschrift was om 
de regulatie van icaADBC genexpressie tijdens biofi lm vorming van klinische S. 

epidermidis isolaten te bestuderen op verschillende biomaterialen en hoe signalen 
uit de omgeving deze regulatie beïnvloeden.

Expressie van ica is onderhevig aan fenotypische variatie welke kan resulteren 
in heterogeniteit in oppervlakte eigenschappen van individuele bacteriën in 
reinkweken. In hoofdstuk 2 werd de relatie tussen fenotypische variatie van 
klinische S. epidermidis stammen, biofi lm vorming en electroforetische mobiliteit 
onderzocht. Vijf klinische S. epidermidis isolaten vertoonden fenotypische 
variatie, zoals bleek uit zowel zwarte als rode kolonies op Congo Red Agar platen. 
Zwarte kolonies resulteerden in een bi-modale distributie van de electroforetische 
mobiliteit bij pH 2, maar deze fenotypische variatie was afwezig in rode kolonies 
van dezelfde stam als ook in een controle stam zonder fenotypische variatie. 
Alle rode kolonies hadden ica verloren en daarmee de mogelijkheid om biofi lms 
te vormen, in tegenstelling tot de zwarte kolonies van dezelfde stam. Real-time 
PCR analyse van icaA wees op een reductie van het copy number van dit gen 
in kweken met fenotypische variatie, welke kwantitatief correleerde met de mate 
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van fenotypische variatie op Congo Red Agar platen en de verdeling van de 
electroforetische mobiliteit. Opvallenderwijs was het verlies van ica onomkeerbaar 
en onafhankelijk van de aanwezigheid van het mobile genetische element IS256, 
wat duidt op een nieuw mechanisme van fenotypische variatie in klinische S. 

epidermidis stammen.
Fenotypische variatie in S. epidermidis met betrekking tot het slijm gerelateerde 

ica-operon resulteert in heterogeniteit ten aanzien van oppervlakte eigenschappen 
van individuele bacteriën in reinkweken. We hadden gevonden in hoofdstuk 2 dat 
klinische S. epidermidis isolaten onomkeerbaar en onafhankelijk van IS256 hun 
ica-gen verloren hadden. In hoofdstuk 3 hebben we de rol van LexA en RecA 
in deze onomkeerbare switch van een ica-positief naar een ica-negatief fenotype 
in klinische S. epidermidis isolaten onderzocht. In S. epidermidis stammen die 
met hoge frequentie switchen werden spontane mutaties in lexA gevonden die 
resulteerden in deregulering van recA expressie, zoals aangetoond middels real-
time PCR. RecA was betrokken bij genetische deleties en herrangschikkingen. 
We poneren een model voor een nieuw mechanisme van fenotypische variatie in 
klinische S. epidermidis isolaten. Dit is de eerste beschrijving van S. epidermidis 

stammen die onomkeerbaar veranderen van ica-positief naar een ica-negatief 
fenotype door middel van spontane deleties van het icaADBC operon, wat een 
nieuw mechanisme van fenotypische variatie inhoudt.

S. epidermidis is berucht vanwege biofi lm vorming op medische implantaten 
en een nieuwe aanpak om S. epidermidis biofi lms te voorkomen en doden is 
gewenst. In hoofdstuk 4 werd het effect van kaneelolie op planktonische en 
biofi lm gekweekte S. epidermidis stammen bestudeerd. In eerste instantie 
werd de gevoeligheid voor kaneelolie in planktonische kweken vergeleken met 
veelgebruikte antimicrobiële middelen: chloorhexidine, triclosan en gentamicine. 
De minimale remmende concentratie (MIC) van kaneelolie, gedefi nieerd als de 
laagste concentratie waarbij geen zichtbare groei optrad, en de minimale biocide 
concentratie (MBC), de laagste concentratie waarbij 99,9% van alle bacteriën 
gedood worden, werden bepaald door middel van de “microbroth dilution method” 
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en uitplaten op agar medium. Een schaakbord methode werd gebruikt om eventuele 
synergie tussen kaneelolie en de geteste antimicrobiële middelen te evalueren. 
Het effect van kaneelolie op biofi lm vorming werd bestudeerd in 96-well platen 
en m.b.v. confocale laser scanning microscopie (CLSM). Biofi lm gevoeligheid 
werd bepaald m.b.v. een metabole MTT test. Real-time PCR werd gebruikt om het 
effect van sub-MIC concentraties van kaneelolie op de expressie van het biofi lm 
gerelateerde icaA-gen te bestuderen. Kaneelolie had een antimicrobiële activiteit 
tegen zowel planktonische als biofi lm gekweekte S. epidermidis. Er zat maar een 
klein verschil tussen de planktonische en biofi lm MIC, variërend van 0.5-1% en 
1-2%, respectievelijk. CLSM plaatjes toonden aan dat kaneelolie in staat is om 
biofi lms los te maken van het oppervlak als ook te doden. Kaneelolie is dus een 
effectief antimicrobieel middel om S. epidermidis biofi lms te bestrijden.

De invloed van het ica-operon van S. epidermidis stammen op de hydrofobiciteit 
van het celoppervlak, thermodynamica van aanhechting en biofi lm vorming is 
geëvalueerd in hoofdstuk 5. Lifshitz-Van der Waals en zuur-base oppervlakte 
vrije energieën van het bacteriële en TC-PS (weefselkweek polystyreen) 
oppervlak werden bepaald door middel van randhoekmetingen. Biofi lm vorming 
werd bestudeerd middels kristalviolet kleuringen. Ica-positieve stammen waren 
meer hydrofoob doordat ze een kleinere elektron-donerende oppervlakte vrije 
energie parameter hadden dan ica-negatieve stammen. Interactie tussen ica-
positieve stammen en het oppervlak van TC-PS was energetisch gunstig (∆G<0), 
in tegenstelling tot de interactie van ica-negatieve stammen met TC-PS, welke 
energetisch niet gunstig (∆G>0) waren. Overeenkomstig werd meer biofi lm 
gevormd door ica-positieve stammen dan door ica-negatieve stammen, hoewel 
CLSM analyse aantoonde dat het slijm niet noodzakelijkerwijs betrokken was bij 
het contact met het TC-PS oppervlak.

S. epidermidis produceert een polysacharide intercellulaire adhesine (PIA) dat 
bacteriële aggregatie en kolonisatie van biomaterialen veroorzaakt en waarvan 
de productie gecodeerd ligt in het icaADBC operon. Ica-expressie is afhankelijk 
van omgevingsfactoren waaronder het biomateriaal en antibiotica. Hoofdstuk 6 is 
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erop gericht om biofi lm vorming en ica-expressie te evalueren van vier klinische S. 

epidermidis isolaten op verschillende biomaterialen die gebruikt worden bij totale 
knie en heup vervanging (polyethyleen: PE, polymethylmethacrylaat: PMMA, en 
roestvrij staal: SS). Daarnaast werd ica-expressie in biofi lms op de verschillende 
materiaal oppervlakken gerelateerd aan de gevoeligheid van de biofi lm voor 
gentamicine. Ica-expressie, geanalyseerd m.b.v. real-time RT-PCR, was het 
hoogst op PE, wat ook bleek uit de vorming van een grotere hoeveelheid slijm 
op PE bepaald met CLSM. Biofi lm vorming van S. epidermidis was het meest 
prominent op SS, met een verminderde slijmproductie ten opzichte van PE. 
Ica-expressie en slijmproductie was het laagst op PMMA. Na 3 uur groei in de 
aanwezigheid van gentamicine van 24-uur oude biofi lms bleken biofi lms op PE 
het minst gevoelig voor gentamicine in vergelijking met biofi lms op de andere 
materialen, naar wij aannemen door een verhoogde ica-expressie. Verhoging van 
de gentamicine concentraties verminderde de metabole activiteit van de biofi lms 
op alle materialen. Er wordt geconcludeerd dat biomateriaal-geïnduceerde ica-
expressie niet correleert met de mate van biofi lm vorming, maar de bacteriën 
in de biofi lms beschermt tegen antibiotica. Wanneer de behandeling met 
antibiotica eenmaal begonnen is, induceert de aanwezigheid van antibiotica ook 
slijmproductie. Als de concentratie van antibiotica hoog genoeg is zal er celdood 
optreden. Deze resultaten suggereren dat biomateriaal-gerelateerde infecties 
van orthopedische implantaten veroorzaakt door S. epidermidis, mogelijk op PE 
moeilijker te bestrijden zijn dan op PMMA of SS.

Alle resultaten van dit proefschrift worden besproken in hoofdstuk 7. Hier 
bieden we een verklaring voor de observatie dat een groot deel van de klinisch S. 

epidermidis isolaten van biomateriaal gerelateerde infecties ica-negatief blijken 
als ze eenmaal planktonisch gegroeid worden. Daarnaast blijkt gentamicine en 
kaneelolie een co-regulator van ica-expressie en slijm productie in S. epidermidis 
isolaten naast het biomateriaal oppervlak. Als gevolg hiervan wordt voorgesteld 
om een gemodifi ceerd biomateriaal te maken dat geen ica-expressie induceert en 
biofi lm vorming en antibiotica resistentie van staphylococcen vermindert.
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Ringkasan

Staphylococcus epidermidis merupakan patogen nosokomial yang sering dikaitkan 
dengan infeksi sehubungan dengan pemakaian implant biomaterial. Kemampuan 
untuk menempel dan membentuk biofi lm pada permukaan biomaterial ikut andil 
dalam menentukan virulensi bakteri tersebut. Pembentukan biofi lm pada S. 

epidermidis ditentukan oleh adanya polisakarida interselular adhesin (PIA), yang 
disintesis oleh suatu protein yang disandikan oleh operon icaADBC. 

Suatu jalur pengaturan dan pengontrolan ekspresi gen icaADBC dan faktor lain 
yang terlibat dalam pembentukan biofi lm pada S. epidermidis telah dideskripsikan 
dalam bab 1. Selanjutnya, peran dari sifat fi sik dan khemis permukaan biomaterial, 
serta peran biocides dalam adhesi dan pembentukan biofi lm juga dibahas dalam 
bab tersebut. Tujuan umum tesis ini adalah untuk menginvestigasi pengaturan 
ekspresi gen icaADBC dalam pembentukan biofi lm pada isolat klinik S. epidermidis 
di berbagai macam biomaterial, serta bagaimana faktor lingkungan mempengaruhi 
pengaturan ini.

Ekspresi gen ica merupakan pokok permasalahan untuk terjadinya variasi 
fenotip pada S. epidermidis, dan berakibat munculnya heterogenitas dalam sifat 
permukaan sel bakteri. Dalam bab 2, akan diuraikan tentang hubungan antara 
variasi fenotip, pembentukan biofi lm dan distribusi mobilitas elektroforetik pada 
isolat klinik S. epidermidis. Lima isolat klinik S. epidermidis memperlihatkan 
adanya variasi fenotip, berupa campuran antara koloni bakteri berwarna hitam 
dan merah pada Congo Red Agar (CRA). Koloni hitam meperlihatkan adanya 
bimodal distribusi mobilitas elektroforetik pada pH 2, tetapi variasi fenotip ini tidak 
muncul pada koloni merah yang berasal dari strain yang sama, demikian pula tidak 
muncul pada isolat kontrol. Koloni merah kehilangan gen ica dan kemampuan 
membentuk biofi lm, berkebalikan dengan koloni hitam pada strain yang sama. 
Real-time PCR untuk icaA menunjukkan adanya reduksi jumlah kopi gen pada 
kultur bakteri dengan variasi fenotip, yang berhubungan secara quantitatif dengan 
variasi fenotip pada CRA dan distribusi mobilitas elektroforetik. Hilangnya gen ica 
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ternyata irreversibel dan tidak melibatkan transposon IS256. Hal ini menunjukkan 
adanya mekanisme baru dalam menjelaskan terjadinya variasi fenotip pada isolat 
klinik S. epidermidis yang belum terdeskripsikan sebelumnya.

Variasi fenotip pada S. epidermidis melibatkan operon ica yang berhubungan 
dengan heterogenitas dalam sifat permukaan sel bakteri. Seperti yang telah 
diuraikan dalam bab 2, kami mengamati bahwa  pada isolat klinik S. epidermidis, 
hilangnya gen ica merupakan mekanisme yang irreversibel dan tidak melibatkan 
elemen mobile IS256. Untuk itu, dalam bab 3, kami meneliti peranan dari LexA 
dan RecA terhadap terjadinya perubahan atau switching irreversibel dari ica-
positip menjadi ica-negatip pada isolat klinik S. epidermidis. Pada isolat klinik 
S. epidermidis yang mengalami switching dengan frekuensi tinggi, ditemukan 
mutasi spontan pada LexA yang berakibat deregulasi ekspresi gen recA, seperti 
yang ditunjukkan pada real-time PCR. Seperti diketahui, recA merupakan gene 
yang berperan dalam DNA repair dengan memfasilitasi terjadinya delesi dan 
rekombinasi gen, dan kami membuat suatu model yang merepresentasikan suatu 
mekanisme baru dalam menjelaskan terjadinya variasi fenotip pada isolat klinik S. 

epidermidis. Sejauh pengamatan kami, hal ini merupakan studi yang pertama kali 
meneliti tentang switching irreversibel dari genotip ica-positip menjadi ica-negatip 
melalui delesi spontan gen icaADBC, dan memrepresentasikan suatu mekanisme 
baru dalam variasi fenotipik. 

S. epidermidis dikenal sebagai penyulit karena biofi lm yang terbentuk pada 
alat-alat biomedis, sehingga manajemen baru untuk mencegah dan mengeradikasi 
biofi lm S. epidermidis sangat diharapkan. Dalam bab 4, diteliti tentang efek minyak 
atsiri kayu manis pada kultur planktonik dan biofi lm dari isolat S. epidermidis. 
Kepekaan bakteri dalam kultur planktonik terhadap minyak atsiri kayu manis, 
akan dibandingkan dengan agen antimikroba yang sering digunakan, seperti 
klorhexidin, triclosan dan gentamisin. Kadar hambat minimal (KHM) minyak atsiri 
kayu manis, yang didefi nisikan sebagai kadar terendah yang mampu menghambat 
pertumbuhan bakteri, dan kadar bunuh minimal (KBM), yaitu kadar terendah yang 
mampu membunuh 99.9 % pertumbuhan bakteri; ditentukan dengan metode dilusi 
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cair mikrobroth dan agar plating. Uji chequerboard  digunakan untuk mengevaluasi 
kemungkinan adanya sinergi antara minyak atsiri kayu manis dengan agen 
antimikroba yang lain. Efek minyak atsiri kayu manis terhadap pertumbuhan 
biofi lm diuji dengan pewarnaan crystal violet dalam plate 96-well dan confocal 
laser scanning microscopy (CLSM). Kepekaan sel biofi lm ditentukan dengan uji 
metabolik MTT. Analisis real-time PCR dilakukan untuk menentukan efek kadar 
sub-KHM  minyak atsiri kayu manis terhadap ekspresi gen yang terkait dengan 
biofi lm, yaitu gen icaA. Minyak atsiri kayu manis terbukti mempunyai aktivitas 
antimikroba terhadap kultur planktonik maupun biofi lm isolat S.  epidermidis. 
Terlihat bahwa hanya ada sedikit perbedaan antara KHM minyak atsiri kayu 
manis terhadap kultur planktonik dan biofi lm, yaitu berkisar antara 0.5-1% dan 1-
2%. Gambaran CLSM  memperlihatkan bahwa minyak atsiri kayu manis mampu 
melepaskan sel biofi lm dari permukaan plate dan juga poten membunuh sel 
biofi lm. Dengan demikian, minyak atsiri kayu manis merupakan agen antimikroba 
yang efektif untuk memberantas biofi lm S. epidermidis.

Pengaruh operon ica dalam isolat S. epidermidis terhadap hydrophobisitas 
permukaan sel bakteri, adhesi thermodinamik dan pembentukan biofi lm 
didiskusikan dalam bab 5. Energi bebas permukaan acid-base dan Lifshitz-Van 
der Waals dari permukaan sel bakteri dan polisteren-tissue culture (TC-PS) 
diobservasi dengan pengukuran contact angle, sementara pembentukan biofi lm 
dievaluasi dengan pengecatan crystal violet. Isolat S. epidermidis ica-positip 
lebih bersifat hidrophobik karena rendahnya kapasitas parameter electron donor 
daripada isolat ica-negatip. Interaksi antara isolat ica-positip dengan permukaan 
TC-PS lebih mudah terjadi karena energi yang dibutuhkan lebih sedikit (ΔGadh < 
0), sebaliknya interaksi antara isolat ica-negatip dengan permukaan TC-PS lebih 
sulit terjadi karena energi yang dibutuhkan lebih banyak (ΔGadh > 0). Akibatnya, 
biofi lm lebih banyak terbentuk pada isolat ica-positip daripada isolat ica-negatip, 
walaupun analisis CLSM memperlihatkan bahwa keberadaan slime atau matriks 
ekstraseluler tidak diperlukan secara langsung dalam kontak dengan TC-PS. 
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S. epidermidis mampu menghasilkan polisakarida interseluler adhesin (PIA), 
yang memfasilitasi agregasi sel bakteri dan kolonisasi pada implant biomaterial, 
dan pengaturannya dikontrol oleh operon icaADBC. Ekspresi gen ica sangat 
dipengaruhi oleh kondisi lingkungan, termasuk implant biomaterial dan adanya 
paparan antibioitik. Bab 6 dalam buku ini bertujuan untuk mengevaluasi 
pembentukan biofi lm dan ekspresi gen ica pada empat isolate S. epidermidis 
di berbagai biomaterial yang sering dipakai dalam arthroplasti total untuk sendi 
pinggul dan lutut (polietilen, polimetilmetakrilat dan stainless steel). Selanjutnya, 
ekspresi gen ica pada biofi lm di berbagai permukaan biomaterial dihubungkan 
dengan kepekaan biofi lm terhadap gentamisin. Ekspresi gen ica yang dianalisis 
dengan real-time PCR, tertinggi terdapat di permukaan polietilen, seperti tampak 
pada gambaran CLSM. Sementara itu, pembentukan biofi lm paling ekstensif terjadi 
pada permukaan stainless steel, dengan produksi slime/matriks ekstraseluler yang 
lebih sedikit. Ekspresi ica dan produksi slime sangat minimal pada permukaan 
polimetilmetakrilat. Sel biofi lm yang diinkubasi 24 jam, dipapari dengan gentamisin 
selama 3 jam, dan hasilnya menunjukkan bahwa sel biofi lm pada polietilen lebih 
rendah kepekaannya terhadap gentamisin dibandingkan dengan biomaterial yang 
lain, mungkin diakibatkan karena tingginya ekspresi ica pada biomaterial tersebut. 
Kadar gentamisin yang lebih tinggi ternyata dapat menurunkan aktivitas metabolik 
pada semua biomaterial. Disimpulkan bahwa level ekspresi gen ica yang diinduksi 
biomaterial tidak berhubungan dengan jumlah biofi lm yang terbentuk, tetapi pada 
awalnya membantu bakteri dalam pertahanan terhadap serangan antibiotik. 
Ketika terapi antibiotik mulai diberikan, antibiotik sendiri juga memicu produksi 
slime, dan jika kadarnya dinaikkan akan berakibat membunuh sel bakteri. Dari 
hasil studi ini disimpulkan bahwa infeksi terkait biomaterial dalam orthopedik yang 
disebabkan oleh S. epidermidis, lebih sulit dieradikasi jika infeksi terjadi pada 
permukaan polietilen daripada infeksi yang terjadi pada polimetilmetakrilat atau 
stainless steel.

Hasil penelitian dalam tesis ini dibahas lebih lanjut dalam bab 7. Dalam bab 
ini, kami mempresentasikan suatu hipotesa untuk menjelaskan mengapa sejumlah 
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besar isolat klinik S. epidermidis yang diisolasi dari infeksi terkait biomaterial sering 
ditemukan sebagai ica-negatip ketika dikultur secara planktonik. Selanjutnya, 
paparan gentamisin, sebagaimana minyak atsiri kayu manis, dianggap sebagai 
co-regulator untuk ekspresi gen ica dan produksi slime pada isolat S.epidermidis, 
bersama-sama dengan substrat atau biomaterial. Untuk itu, dalam penelitian 
ini pengembangan dan modifi kasi biomaterial disarankan, dengan kriteria tidak 
menginduksi ekspresi gen ica, mengurangi kecenderungan staphylococci untuk 
membentuk biofi lm dan tidak memicu resistensi terhadap antibiotik.
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