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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



Adhesion thermodynamics

91

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.
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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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