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Abstract This study compares the ability of selected

materials to inhibit adhesion of two bacterial strains com-

monly implicated in implant-related infections. These two

strains are Staphylococcus aureus (S-15981) and Staphy-

lococcus epidermidis (ATCC 35984). In experiments we

tested six different materials, three conventional implant

metals: titanium, tantalum and chromium, and three

diamond-like carbon (DLC) coatings: DLC, DLC–poly-

dimethylsiloxane hybrid (DLC–PDMS-h) and DLC–poly-

tetrafluoroethylene hybrid (DLC–PTFE-h) coatings. DLC

coating represents extremely hard material whereas DLC

hybrids represent novel nanocomposite coatings. The two

DLC polymer hybrid films were chosen for testing due to

their hardness, corrosion resistance and extremely good

non-stick (hydrophobic and oleophobic) properties. Bacte-

rial adhesion assay tests were performed under dynamic

flow conditions by using parallel plate flow chambers

(PPFC). The results show that adhesion of S. aureus to

DLC–PTFE-h and to tantalum was significantly (P \ 0.05)

lower than to DLC–PDMS-h (0.671 ± 0.001 9 107/cm2

and 0.751 ± 0.002 9 107/cm2 vs. 1.055 ± 0.002 9 107/cm2,

respectively). No significant differences were detected

between other tested materials. Hence DLC–PTFE-h

coating showed as low susceptibility to S. aureus adhesion

as all the tested conventional implant metals. The adherence

of S. epidermidis to biomaterials was not significantly

(P \ 0.05) different between the materials tested. This

suggests that DLC–PTFE-h films could be used as a bio-

material coating without increasing the risk of implant-

related infections.

1 Introduction

Infections associated with biomedical devices have serious

consequences for the patients and inevitably increase costs

to the society. Bacterial adhesion, colonization, and sub-

sequent formation of resistant biofilms on an implant sur-

face are the major reasons for implant-related infections of

orthopedic implants [1–5]. These infections can usually be

cured only by device removal, with antibiotics being used

as a supportive therapy and for eradication. Because

Staphylococcus aureus and Staphylococcus epidermidis are

the most common causative pathogens associated with

implant-related infections, these two bacteria were selected

for probing of materials of interest [6–8]. As the implant or

coating designed for clinical use will be subjected to body

fluid flow, bacterial adhesion should be studied under
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dynamic rather than static conditions. Many staphylococcal

infections spread hematogenously via circulation, where

wall shear rate ranges between 40 and 2000 s-1 for stable

Poiseuille flow vessels [9]. Static and low shear rate con-

ditions lead to bacterial aggregation due to the long inter-

cellular contact time. Adhesion of S. epidermidis to

different biomaterials does not vary under static conditions

or at shear rates \50 s-1, whereas biomaterial differences

become evident at a shear rate of 200 s-1 [10]. On the

other hand, when too high shear rates are used, adhesion of

S. epidermidis to materials decreases because hydrody-

namic forces predominate [11]. The same phenomenon is

seen for S. aureus when shear rate exceeds 300 s-1

[12, 13]. Because we wanted to avoid artifacts caused by

low shear rates and study the effect of biomaterial prop-

erties on bacterial adhesion and not their ability to with-

stand detachment (retention), 200 s-1 shear rate was used

throughout the experiments.

One way to prevent implant-related infections is to use

functional coatings, which are able to inhibit microbial

adhesion. Many groups, including us, have studied pro-

tective wear and corrosion resistant diamond-like carbon

(DLC) coatings [14–16]. To combine useful properties of

DLC and polymers, the filtered pulse arc discharge (FPAD)

technology developed in our laboratory to produce high-

quality DLC coatings was modified to produce novel DLC

polymer hybrid (DLC–p-h) coatings. Two novel nano-

composite hybrid coatings were prepared for testing: DLC

polytetrafluoroethylene hybrid (DLC–PTFE-h) and DLC

polydimethylsiloxane hybrid (DLC–PDMS-h). A priori,

both these materials are promising candidates to medical

implant applications due to their extremely good non-stick

(i.e. hydrophobic and oleophobic) properties [17–19]. Our

hypothesis was that these hard, anti-soiling and non-stick

coatings could be better or as good as conventional DLC

coating and/or conventional implant materials in their

ability to resist bacterial adhesion under dynamic flow

conditions. Because bacterial adhesion susceptibility of

surgical steel (AISI 316L) versus DLC was already tested

in earlier experiments [20] three other commonly used

materials in medical devices were selected for testing:

tantalum, titanium and chromium.

2 Materials and methods

2.1 Coating methods and sample preparation

Tantalum, titanium, chrome, DLC, DLC–PDMS-h and

DLC–PTFE-h coatings were deposited on monocrystaline

{100} silicon wafers (Okmetic, Vantaa, Finland). Silicon

wafers used were 101.6 mm in diameter and 0.68 mm in

thickness. Deposition of the coatings was done by utilizing

two different deposition methods, a direct current (DC)

sputtering technique for metals (titanium, tantalum and

chrome) and a filtered pulsed arc discharge (FPAD) method

for DLC and DLC polymer hybrid films (DLC, DLC–

PTFE-h and DLC–PDMS-h). These two deposition meth-

ods have been described in detail elsewhere in the literature

[21–25]. Some relevant features and parameters of the

techniques as applied in the present experiments are

described below.

Before the deposition, all sample surfaces were cleaned

with argon sputter (SAM-7 kV, Minsk, Belarus) in vac-

uum. The initial vacuum chamber pressure was 8 9

10-4 Pa. The sputtering time was 10 min and the voltage

and current used were 5 kV and 30 mA, respectively.

During the argon sputtering the vacuum chamber pressure

was 0.01 Pa. The purity of argon was 99.999% (Instrument

Argon 5.0, Oy AGA Ab, Espoo, Finland). All deposition

processes were continued directly after the argon sputtering

without breaking the vacuum.

In DC sputtering system (Stiletto Series ST20, AJA

International Inc., North Scituate, MA, USA) a negative

target potential of 500 V was used to accelerate the posi-

tively charged Ar ions to the high purity (99.7% or better)

elemental metal target (Goodfellow Cambridge Ltd, Hun-

tingdon, England). The deposition rate of metal to the

sample surface was 40 nm per minute and deposition time

was 5 min.

In FPAD system high purity graphite cathode (99.9%,

Carbone Lorraine, Paris, France) or graphite-polymer

(PDMS and PTFE tube, Irpola Oy, Turku, Finland) cathode

construction were used to deposit DLC, DLC–PTFE-h or

DLC–PDMS-h coatings, respectively. Deposition of DLC

coatings was done in two steps. First an adhesion layer was

deposited using high plasma energies and secondly the

coating itself was deposited using a low energy FPAD

system. First, high energy plasma was accelerated using a

voltage of 5 kV with capacitor (C = 16.0 lF). The plasma

was steered towards the sample with a magnetic field

generated by the arc discharge current in a 90� curved

solenoid (L = 3.0 lH). The curved solenoid filters out

neutral atoms and graphite particles emitted from the

cathode. The plasma accelerating cathode–anode pair, the

solenoid, the tuning resistor (R = 0.1 X) and the main

capacitor bank were all connected in series. The high-

quality DLC coating was then deposited using low energy

FPAD system. Low energy system parameters were: volt-

age U = 0.5 kV, solenoid L = 20 lH, capacitor C = 30

lF and tuning resistor R = 0.1 X. For DLC polymer

hybrid coatings two different graphite cathodes with PDMS

or PTFE tube were used. Deposition times were 15 min in

all cases. The DLC coatings analyzed in this study were

hydrogen free and amorphous [25, 26] with high diamond

sp3 bond content (85%) [27]. Recent AFM studies (not
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published) of DLC–p-h coating surfaces indicate that

mixing of DLC and polymer component occurs in nano-

scale and, thus, different regions of diamond or polymer

cannot be distinguished on the coating surfaces. The

thickness of DLC, DLC–PDMS-h and DLC–PTFE-h

samples was 150 ± 20 nm and thickness of tantalum,

titanium and chrome layers was 200 ± 20 nm.

After the coating process the coated silicon wafers were

cut using a custom-made diamond knife device to rectan-

gular pieces (dimensions: 15 mm 9 30 mm), which fitted

perfectly in the bacterial flow testing chambers. The cutting

apparatus was designed in such a way that it does not alter

the surface chemistry or contaminate the samples during

the cutting process.

2.2 Sample thickness and surface roughness analysis

Topography and thickness of the surfaces were examined

with a 2D stylus profiler (Sloan Dektak IIa, Veeco Instru-

ments Inc., Santa Barbara, California, USA). Sample

thickness was measured from coated silicon wafers sepa-

rately for each coating batch. This was done by placing a

mask to the sample for the coating period, removing it after

the coating process and measuring the step on the sample.

2.3 Contact and sliding angle measurements

Contact angle measurements were done using the static

sessile drop method with a CCD video microscope and

20 ll distilled water droplets. The sliding angles were also

measured with 20 ll distilled water droplets. The sliding

angle is defined as the critical angle at which a droplet

begins to slide down an inclined plane. The accuracy of a

single contact or sliding angle measurement was ±0.5�.

2.4 Bacterial cultures

The bacterial strains used in this study were the reference

type culture, slime producing S. aureus S-15981 strain and

S. epidermidis ATCC 35984 strain. The S. aureus S-15981

is a clinical isolate from University of Navarra, Spain. It

was isolated from middle ear exudates of a patient suffer-

ing from recurrent otitis media. The strain is resistant to

gentamycin and sensitive to all other currently used anti-

biotics. It is a strong biofilm former and agr negative [28].

Microorganisms were kept at -70�C, in a solution con-

taining 70% Tryptic Soy Broth (TSB, Difco Laboratories,

Detroit, USA) and 30% diluted glycerol (glycerol/water:

1/1). In order to prepare the bacterial cells for the adhesion

assays, 10 ll of the frozen bacterial suspension, of each

strain, were cultured on blood agar plates overnight at 37�C

and subsequently stored at 4�C. Stationary phase cells were

obtained by incubating two to three colonies, from the

blood agar plate, in 5 ml TSB for 18 h at 37�C in a rotary

shaker at 120 rounds per minute. Bacterial cells were

harvested by centrifugation at a centrifugal force of

26839g, at 4�C for 10 min, washed twice with a buffer, pH

7.4, ionic strength 180 mM, consisting of 100 mM phos-

phate buffered saline supplemented with 80 mM NaCl, and

finally resuspended in the same buffer. The concentration

was adjusted to 1.5 9 108 colony forming units (CFUs)/

ml, by measuring the optical density of the bacterial sus-

pension at wavelength of 550 nm with a spectrophotometer

(Techne, Cambridge, UK), according to the McFarland

standard (BioMerieux, SA Lyon, France).

2.5 Dynamic adhesion assays

For evaluation of bacterial adhesion under flow conditions

the parallel plate flow chamber (PPFC) [29] was used. The

30 mm 9 15 mm 9 1 mm sample is sandwiched between

two plexiglas plates in such a way that a 30 mm 9

15 mm 9 0.35 mm parallel plate flow chamber is formed.

Four syringes were placed in an automated syringe pump

and connected to four different chambers. The pump was

programmed to cycle the pistons back and forth every 60 s

continuously, at which time 3.7 ml were displaced. This

cycle repeated itself for 120 min. All experiments were

carried out at 37�C. The shear rate was adjusted to 200 s-1.

The shear rate c can be calculated by the following formula:

c ¼ 6Q

Wh2

where Q is the flow rate, W (width of the cham-

ber) = 15 mm and h (height of the chamber) = 0.35 mm.

Each experiment was performed in three replicates.

2.6 Fixation and staining of adherent bacterial cells

After adhesion experiments, each sample was rinsed with

8 ml buffer solution to remove non-adherent or loosely

adherent bacteria. At the next step the samples were fixed

in freshly prepared 3% formaldehyde for 30 min at 37�C.

Formaldehyde was prepared by adding paraformaldehyde

(Sigma, Missouri, USA) in 100 mM sodium phosphate

buffer at 60�C, followed by drop-wise addition of NaOH

until the solution was clear. After fixation, the samples

were stained in 1 ml of a freshly prepared solution con-

taining 2 ll SYTO 9 (Molecular Probes, Europe BV) per

1 ml deionized water. Samples were kept in this diluted

SYTO 9 solution for 30 min at room temperature, in the

dark. The staphylococcal membrane penetrating SYTO 9 is

a fluorescent DNA-binding stain and was used to visualize

the distribution of adherent bacteria. After staining the

samples were rinsed three times with distilled water, placed

on an object slide and mounted in Gel Mount (Sigma,
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Missouri, USA), that is an aqueous mounting medium.

Finally, the samples were covered with a cover slip.

2.7 Microscopy, photographing and image analysis

Confocal microscopy was carried out to examine bacterial

adhesion to the samples and to enumerate the adherent

bacteria. For this purpose a Nikon TE2000-U Confocal

Laser Scanning Microscopy (CLSM) system was used

(Nikon, The Netherlands). The system consisted of a laser

scanning module that was mounted on an inverted micro-

scope. The argon laser was used and the images were

recorded at an excitation wavelength of 488 nm and at an

emission wavelength of 500 nm. Since the adherent bac-

teria were in a monolayer, a thin section was scanned and

saved as a bitmap image. Six fields of 100 lm2 area were

chosen randomly and six non-overlapping images were

taken from each sample to eliminate the eventual effect of

slightly uneven distribution of bacteria. Digital image

analysis of the CLSM images and the quantification of

adherent bacteria were performed using the software

developed at the University Medical Center Groningen,

University of Groningen in The Netherlands. The software

is based on the methods described earlier [30].

2.8 Statistical analysis

The effect of the material properties on bacterial adhesion

was statistically analyzed using the SPSS statistical soft-

ware, version 14.0 (SPSS, Chicago, IL). The normal dis-

tribution of the variables was examined using the Shapiro–

Wilk (W) test. Since W was close to one for all variables,

they were normally distributed. Afterwards, one way

analysis of variance (ANOVA), and Post-hoc comparisons

of all possible combinations of group means, were per-

formed using the Scheffe significant difference test.

P \ 0.05 was considered to be significant.

3 Results

Quantitative analysis of bacterial adhesion was performed

by confocal fluorescence laser scanning microscopy,

digital image processing and image analysis software.

This allowed the enumeration of the attached bacteria.

Fig. 1a demonstrates the adhesion of S. aureus on dif-

ferent study materials, with one representative micro-

photograph for three of the tested materials. DLC,

titanium and chromium micrographs are not shown

because they did not contain any additional information.

The number of S. aureus bacteria on different materials,

counted using an image analysis software, are shown in

Fig. 2a in a bar diagram. The results show that adhesion

of S. aureus to DLC–PTFE-h and to tantalum was sig-

nificantly (P \ 0.05) lower than to DLC–PDMS-h

(0.671 ± 0.001 9 107/cm2 and 0.751 ± 0.002 9 107/cm2

vs. 1.055 ± 0.002 9 107/cm2, respectively). No signifi-

cant differences were detected between the other materi-

als tested. Similarly, Figs. 1b, 2b demonstrate the results

obtained for S. epidermidis. In Fig. 1 b) three chosen

micrographs of DLC, titanium and chromium demonstrate

similar adhesion of S. epidermidis to all materials. The

results show that S. epidermidis adhered equally to all

materials tested (P \ 0.05).

Fig. 1 Confocal fluorescence

laser scanning microscopy

micrographs of the material

surfaces after 120 min dynamic

bacterial adhesion tests. a S.
aureus S-15981 to DLC-PDMS-

h (A), DLC-PTFE-h (B) and

tantalum (C). b S. epidermidis
ATCC 35984 to DLC (D),

titanium (E) and chromium (F).

Scale bar 10 lm
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Surface roughness was analyzed to evaluate its eventual

effect on bacterial adhesion. Roughness values (Ra) obtained

using profilometry are presented in Table 1, and were

3 ± 2 nm for DLC, DLC–PDMS-h, DLC–PTFE-h samples

and 17 ± 3 nm, 19 ± 3 nm and 25 ± 3 nm for tantalum, tita-

nium and chrome samples, respectively. Surface roughness

values (Ra) were determined with a 2D stylus profiler by

scanning the length of 1 mm on the surface.

Contact and sliding angles were measured to evaluate

the surface hydrophobicity of titanium, tantalum, chro-

mium, DLC, DLC–PDMS-h and DLC–PTFE-h coatings.

This analysis showed the highest contact angle values for

DLC–PDMS-h and DLC–PTFE-h, which were 104 ± 4�,

and the lowest sliding angle for DLC–PDMS-h, which was

9 ± 1�. All contact and sliding angle values are presented

in Table 1.

4 Discussion

DLC coating used in this study has many properties which

makes it a very desirable biomaterial coating: it is wear and

corrosion resistant and at the same time biocompatible [14–

16, 31–33]. Similarly, polymers used as additives in the

deposition process of DLC, like polytetrafluoroethylene

(PTFE) and polydimethylsiloxane (PDMS), have useful

properties by being non-stick and anti-soiling [34–36].

FPAD system was modified to deposit coatings, where

DLC and polymer components are combined. As a result, a

whole new group of materials was produced: hard,

hydrophobic and oleophobic DLC polymer hybrid (DLC–

p-h) coatings. In these novel coatings the hardness of the

DLC and the anti-soiling properties of the additive polymer

are combined [17–19]. Thus by using this modified FPAD

method it is possible to produce well-adherent DLC poly-

mer hybrid coatings of novel biomaterials, in which the

proportions and useful properties of the source materials

can be combined in an innovative and purpose-designed

manner. These non-stick and anti-soiling biomaterials

could find applications in stents or mechanical heart valves,

which even in warfarin treated patients can evoke throm-

boembolic complications. These DLC polymer hybrid

coatings however have not been studied before in dynamic

flow conditions for their ability to inhibit adhesion of

S. aureus and S. epidermidis, which property should not be

compromised by this new formulation. These bacteria are

the most common causative agents in implant and medical

device related infections and cause also infections of

Fig. 2 Number of bacteria adhered on DLC, DLC–PDMS-h, DLC–

PTFE-h, Ta, Ti and Cr surfaces after 120 min of dynamic bacterial

adhesion test. a S. aureus S-15981 b S. epidermidis ATCC 35984

Table 1 Contact angle, sliding

angle and surface roughness

(Ra) of the biomaterials tested

in the present study

All contact and sliding angle

measurements were done with

20 ll distilled water droplets.

Asterisks denotes that droplet

did not start to slide even at 90�

Coating Contact

angle (�)

Sliding

angle (�)

Roughness,

Ra (nm)

DLC 58 ± 1 70 ± 1 3 ± 2

DLC–PDMS-h 104 ± 4 9 ± 1 3 ± 2

DLC–PTFE-h 104 ± 4 40 ± 1 3 ± 2

Ta 21 ± 1 38 ± 1 17 ± 3

Ti 55 ± 2 * 19 ± 3

Cr 72 ± 2 * 25 ± 3
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artificial heart valves. According to the present results,

DLC–PTFE-h and DLC–PDMS-h are comparable, but not

in this respect any better, to widely used metallic bioma-

terials and conventional DLC with one exception: DLC–

PDMS-h bound more S. aureus than DLC–PTFE-h and

tantalum, which were in the test setting used the most

resistant to bacterial adhesion. It should be noted that

bacterial adherence to DLC–PDMS-h was otherwise

comparable with all the other tested materials and Staph-

ylococcus strains. Under static conditions the new DLC–

PTFE-h coating has been described to resist adhesion of

two different staphylococcal strains better than titanium or

oxidized silicon [31].

The three metals tested, tantalum, titanium and chro-

mium, are commonly used metallic materials in medical

devices. Because these three materials are metals, it is to be

noted that they all are reactive and spontaneously form a

thin, passive and stable surface oxide layer in open air and

in liquids. However, similar oxide layers, responsible for

the good corrosion properties of metallic biomaterials,

form also on real implants. Therefore, we do not consider

these oxide films as confounding factors in the present

study.

Hydrophobic interactions have been used to explain

bacterial adherence to surfaces. Hydrophilicity seems to

reflect repellence capability, whereas hydrophobicity has

been associated with bacterial adherence to the material

surface. Shi and coworkers showed that mucin coating

of polymethylmethacrylate, polystyrene and silicone

increased their hydrophilicity and decreased bacterial

adhesion [37]. Van Loosdrecht et al. [38]. reported that also

the hydrophobicity of the bacteria (measured using water

contact angle) increased adherence on negatively charged

hydrophobic sulfated polystyrene, whereas hydrophilicity

of microorganisms decreased bacterial adherence. Adhe-

sion of nine clinical isolates of S. epidermidis to hydro-

phobic acrylic surfaces was higher than to hydrophilic

glass surfaces [39]. In our experiments we used water

contact angle measurements to evaluate the hydrophobicity

of the studied materials. Among the conventional implant

metals tested tantalum had the lowest contact angle being

the most hydrophilic metallic biomaterial, followed by

titanium, which was more hydrophobic than tantalum, and

by chrome, which was the most hydrophobic of the

metallic biomaterials tested. This ranking order is exactly

the same as their ability to resist bacterial adherence in

both S. aureus and S. epidermidis experiments, see Table 1

vs. Fig. 2 a, b). These findings are in favor of the above

mentioned hydrophilicity axiom. However, when also DLC

and DLC hybrid coatings are considered this co-ranking of

hydrophilicity and bacterial repellence is lost. For example,

DLC–PTFE-h and DLC–PDMS-h were the most hydro-

phobic materials with an equally high water contact angle,

but DLC–PTFE-h coating was the most resistant to bac-

terial adherence of all the materials tested. In this study,

contact and sliding angle studies were carried out to

determine whether there was a relation between hydro-

phobic or hydrophilic property and bacterial adhesion.

Results convincingly suggest that this physicochemical

property does not appear to be the primary or only con-

tributor which influences bacterial adhesion, even though

the tested three conventional surgical metals seemed to

follow the expected pattern. In general, uncapsulated

staphylococci are hydrophobic and from this point of view,

should stick better to hydrophobic than hydrophilic sur-

faces. As already mentioned above, this seems to hold true

for the Ta, Ti and Cr and maybe even for DLC. It should

also be taken into consideration that the relationship

between adherence and hydrophobicity may be complex as

has been shown for the relationship between adherence of

bone marrow-derived mesenchymal stromal cells and

hydrophobicity: these cells adhere better to materials with

an intermediate contact angle than to more hydrophilic or

hydrophobic surfaces. The turning point of this parabolic

relationship for these cells is around the contact angle 60�
[40]. Accordingly, one might think that the very hydro-

phobic surface (with low surface energy) of DLC–PTFE-h

could explain why its S. aureus binding was very low. But

even such a parabolic relationship cannot explain that

DLC–PTFE-h had the lowest S. aureus binding ability

whereas the DLC–PDMS-h surface with exactly the same

contact angle (104�) had the highest ability to bind

S. aureus. In this respect, the present observations are in

accordance with the findings of Raulio et al. [41] and Jones

et al. [42].

There seems to be other factors that affect the bacterial

adhesion more than hydrophobicity and surface roughness

evaluation can explain. It is known that the sp3 and sp2

hybridized carbon–carbon bond ratios in DLC materials

affects its properties [25]. In these now tested novel DLC–

p-h materials sp3 and sp2 bond ratios are not very well

known yet. These unknown factors also include mechani-

cal, optical and perhaps in particular electrical properties,

such as the zeta-potential. In addition, experimental flow

setting changes bacterial behaviour and its surface struc-

tures in such a way that the results between static and

dynamic adhesion tests may be different, as seen in our

work. This suggests that the bacterial adhesion test reports

should include more extensive information on different

material and microbial properties than is normally repor-

ted. Anyway, valuable observations have already been

made regarding factors contributing to bacterial adhesion

and biofilm formation. Objects of interest have been the

conditioning of the surfaces, mass transport, hydropho-

bicity, surface roughness and molecular structures of the

bacterial surface (surface proteins and teichoic acid)
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through which the adhesion process is maintained [43].

When investigating a certain specific property, it is often

difficult to obtain reliable information on other possible

contributors or to disclose various confounding factors.

Our study concentrated on the effect of dynamic flow

environment, surface roughness and hydrophobicity on

bacterial adhesion of two staphylococcal strains. At this

time, there is no single straightforward explanation for our

results, but they might relate to the sp3 and sp2 ratio and

zeta-potential. Microbe-material interaction is a complex

event, thus, experimentation under different conditions is

the only way to assess it.

Bacterial adhesion leads to formation of a biofilm,

where bacterial cells are embedded in mucopolysaccharide

extracellular matrix. On device surfaces biofilm formation

protects the living bacterial cells from the antimicrobial

drugs and host defense molecules as well from leucocytes.

This explains why implant-related infections are difficult to

eradicate without removal of the implant. Most bacterial in

vitro adhesion studies have for practical reasons been done

under static conditions. However, in vivo bacteria and

biofilms are usually subjected to shear forces of the human

body fluids. The best primary prophylaxis against infec-

tions would be to use biomaterials or coatings able to

inhibit bacterial adhesion. Previously our group has per-

formed static adhesion studies with traditional prosthesis

materials and DLC. Under the conditions used the fol-

lowing ranking order was achieved using adhesion index:

titanium, tantalum, chromium and DLC, with the DLC

being clearly most resistant against colonization with S.

aureus [44]. In our current study under flow conditions

there were no significant differences between DLC and the

other materials previously tested. Thus, it seems that for

full scale comparison of the ability of different materials to

inhibit bacterial adhesion not only the static but also the

dynamic conditions should be tested. The last mentioned

conditions more closely mimic those prevailing in vivo.

Contact angles of DLC, DLC–PDMS-h and DLC–

PTFE-h did not correlate with their sliding angles. For

example, both DLC polymer hybrids had the same contact

angle, but the sliding angle was very different. This is in

accordance with earlier findings of Kiuru and Alakoski [19]

and Chen et al. [45]. Present results also indicate that the

difference in bacterial adherence between DLC–PMDS-h

vs. DLC–PTFE-h or tantalum cannot be explained by dif-

ferences between their contact and sliding angles

(hydrophobicity).

The surface roughness values of the biomaterial samples

tested were not quite identical although they had a very

narrow range between 2 and 25 nm. It has been earlier

reported that at least for surgical steel (AISI 316L) [46] and

polymethylmethacrylate (PMMA) [47] differences in the

surface roughness of this order do not affect bacterial

adherence although larger differences in the one micron

range, corresponding to the size of the bacteria, do affect

adherence. Therefore, the slight differences in the surface

roughness of the samples tested do not form a confounding

factor and cannot explain the differences in bacterial

adherence between DLC–PMDS-h vs. DLC–PTFE-h or

tantalum.

In conclusion, the novel DLC–PTFE-h coating was

comparable to conventional DLC coating and to three

common metallic materials used in medical devices in this

dynamic bacterial adhesion test setting. Results also indi-

cate that DLC–PTFE-h coating and tantalum inhibit

S. aureus adherence slightly better than the DLC–PDMS-h

coating. No differences were detected between other tested

materials and staphylococcal strains. These results suggest

that utilization of DLC–PTFE-h coating in medical devices

and operating theatres, due to its other interesting proper-

ties, such as anti-soiling and non-stick properties, could be

done without increasing the risk of infections.
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