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ABSTRACT

Polyurethane (PU) plastics are commonly used for artificial 
human implants in blood contact, like stents, artificial heart 
valves or hearts. Their major advantage is the easy and cheap 
manufacturing process. Although large efforts are taken to 
improve the topography, morphology and chemistry of their 
surfaces there is still lack in blood-contact biocompatibility 
for long-term implantation in the human body. Besides the 
coating of PU surfaces by organic films, the application of 
metal and ceramic films seems to allow improvements of 
these properties. 

Until now, the low temperature resistance of PU plastics as well 
as the high deformability cause problems in vacuum coating 
by PVD and CVD coating techniques. Using the pulsed laser 
deposition (PLD) technique for room temperature coating 
(RT-PLD), these restrictions can be overcome.

The current work focuses on the development of thin inorganic 
PLD titanium films on PU substrates and the characterization 
of their surface topography, biocompatibility in contact to 
fibroblast cells. All results reveal a very high adhesion of the 
films due to the surface penetration of high-energetic vapor 
particles during deposition, extremely smooth film surfaces 
allowing the reproduction of the initial PU surface, and a 
strongly decreased tendency to cell adhesion.

INTRODUCTION

Materials used in blood-contact devices (e.g. heart valves, 
artificial hearts, stents, (capillary) tubes) have often been cho-
sen based on their physical characteristics, such as flexibility 
or rigidity, mechanical strength, transparency, degradability, 
etc. [1]. Moreover, cost effectiveness, ease of processing, and 
sterilization have also been important considerations when 
selecting a particular material. Thus, optimal thrombogenicity 
(the tendency to encourage blood clotting) may not always be 
achieved. Thrombus formation can occur, if blood is exposed to 
something foreign, such as the biomaterial. The first clinically 
manifested process in this contact is the activation of hemostasis 
(clotting). The hemostasis involves the adsorption of blood 
proteins, followed by platelet adhesion and activation.

Heart valves, stents, and tubes are generally manufactured 
from metals (e.g. titanium), carbon or polymer materials (in 
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particular polyurethane (PU)) [1-3]. Although PU is used in 
many applications, it possesses weak thrombogenicity. For 
changing the surface properties of PU and, thus, for reduc-
ing the tendency to thrombus formation, coating with thin Ti 
films was used in the current work. The high biocompatibility 
of Ti is based on the very low clinical tissular toxicity, even 
at high local concentrations [4]. Thus, Ti has been shown to 
be biologically inert, and it does not induce either toxic or 
inflammatory reactions in connective or epithelial tissues. 
Titanium is bacteriaostatic (inhibitive to bacteria) and it is 
neither significantly conducive nor significantly inhibitive to 
different enzyme systems specific to toxic reactions. 

The coating of PU is extremely difficult due to its very high 
elasticity and low temperature resistance. Thus, coating at 
room temperature has to be applied, but a high film adhesion  
is crucial. Most of the industrial-used vacuum coating tech-
niques applied nowadays does not allow room temperature 
coating with sufficient film adhesion, an exception is the 
Pulsed Laser Deposition (PLD) which was developed to an 
industrial room temperature coating technique (RT-PLD) at 
Laser Center Leoben [5,6].

EXPERIMENT DETAILS

Film Deposition
Before starting deposition the reaction chamber was evacuated 
to pressures below 2x103 Pa using a pumping unit consisting of 
a rotary vane pump and a turbomolecular pump. High-purity 
titanium targets were used to deposit 50 nm thick titanium films 
on the PU substrates at room temperature in argon atmosphere 
by a pulsed Nd:YAG laser system, which provides four beams 
of 1064 nm wavelength, 0.6 J pulse energy and 10 ns pulse 
duration at a repetition rate of 50 Hz (RT-PLD) [6]. To provide 
homogenous film thicknesses over the whole coated surfaces, 
the substrates were moved with a relative speed of 5.4 cm s-1 
through the plasma plumes during deposition. 

Film Characterization
Atomic force microscopy (AFM) was used to investigate 
the growth morphology of the film and the changes of the 
roughness during coating. The adhesion of the ultra-thin films 
on the flexible substrates was evaluated by nanoindentation 
with a Rockwell HRC diamond indenter (indentation force: 
20 mN, loading / unloading rate: 40 mN min-1, pause at high 
load: 5 s). 
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The biocompatibility was tested for human fibroblasts ob-
tained from healthy donors in 48-hours tests. The cells in a 
concentration of 1.5x105 ml-1 in Dulbecco culture medium 
(Sigma-Aldrich Co.) were moved on the surface of materials 
(10 pieces of standard glass as control material, 10 pieces of 
Ti coated PU), which were sterilized in plasma and washed 
in a physiological salt buffered solution. Adhering cells 
were fixed by a solution of 4% paraformaldehyde and 70% 
methanol. These fixed cells were washed with 0.5% BSA 
serum (ATTC Co.), marked with several antibodies (CD49E 
(Serotec Co.), Alexa Fluor 488 (Molecular Probes Co.)), and 
colored by 7AAD (Merck AG). These cells were analyzed by 
laser confocal microscopy (Olympus FV-500 device) and by 
laser scanning cytometry (ComuCyte device). Fixing of the 
adhering cells for the confocal microscopy was achieved by 
the treatment in a solution of 4% parformaldehyde and 70% 
methanol. Cell nuclei visualization was performed by incuba-
tion with 7-amonioactinomycin D (Merck AG).

The amount of interleukine IL-1 was marked by the immunoen-
simatic method in the incubation fluids of the cell cultivation. 
The colored reaction was achieved by OPD hydrochloride and 
analyzed by a single-channel reader-assay system (ELX 800, 
Biotek Instruments Inc.) at a wavelength of 492 nm.

For light microscopical investigations the cells were detached 
from the sample surfaces by nonenzymatic cell dissociation 
solution (Sigma-Aldrich Co.), analyzed with trypan blue stain-
ing and counted using a Burcker’s camera. 

RESULTS AND DISCUSSION

Before and after PLD coating with 20, 50, and 100 nm thick 
films the PU substrates were inspected by AFM in order to 
detect any changes of the topography or surface roughness. 
The latter – calculated as Ra value – was found to be quite 
similar with about 30 nm for uncoated and 38 nm for the PU 
substrates coated with 50 nm thick Ti films. In the comparison 
(Figure 1) a slight cluster formation can be found on the coated 
surfaces, which is due to the relaxation of slight film stresses 
of the stiff Ti metal layer on the soft substrate by wrinkling 
phenomena [7]. In the 100 nm thick film these clusters are 
coarsening – a characteristics of wrinkling. However, a loss 
of film adhesion is not connected to the wrinkling because of 
chemical bonding and pseudodiffusion layer formation between 
the film, deposited under high-energetic conditions, and the 
polymer surface [8,9]. This is also revealed by nanoindentation 
indents, as shown in Figure 2 by a micrograph of an indention 
of 20 mN. No (micro) cracks or delaminated substrate areas 
are detectable. 

Figure 1:  AFM micrographs of (a) the uncoated PU substrate, 
(b) the PU substrate RT-PLD coated with a 20 nm thick Ti 
film, and (c) the PU substrate RT-PLD coated with a 100 nm 
thick Ti film.

Figure 2:  Light microscopy image of the indent in a 50 nm 
thick Ti coated PU substrate, performed by nanoindentation 
with 20 mN force. 

To investigate the biocompatibility to fibroblasts it was first 
ensured, that the number of adhering species was equal on both 
the glass and the Ti coated PU substrate surfaces. After the cell 
adhesion, found quite equal for these two substrate types, the 
receptor connection occurring in the fibroblast cell membrane 
was investigated by confocal microscopy of the fibronectin 
receptor expression (CD49e). Similar, slight expression of the 
receptor in the cultivated cells on Ti-coated PU was found, 
while the expression of the receptor cultivated on the glass 
substrate was well seen (Figures 3a and b). Fibronectin is a 
glycoprotein existing extra cellular and on the cell surfaces in 
blood, body fluids and connective tissue. This protein associ-
ates with the other proteins of the extra cellular matrix like 
fibrinogen, collagen, glicozaminoglicans and with suitable 
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receptors, which are in the cell membrane. The expression of 
the internal and external fibronectine was analyzed in confocal 
microscopy, revealing the creation of bands with dense fibers 
laying on the axis of the adhered cells (Figures 3c and d). On 
the control glass substrates, the net of the fibronectin created 
irregular connections in all directions.

Figure 3:  Selected results of the biocompatibility tests (Mag-
nification of all images: 20x): Fibronectine (CD49e) receptor 
expression in the fibroblast cell membrane on (a) the glass 
control substrate and (b) on the 50 nm Ti-coated PU substrate. 
Expression of internal and external fibronectine in the fibro-
blast cultivation on (c) the glass control substrate and (d) on 
the 50 nm Ti-coated PU substrate. Winculin expression in the 
fibroblasts on (e) the glass control substrate and (f) on the 50 
nm Ti-coated PU substrate.

Winculin is a polypeptyd connecting the proteins of the cell 
membrane with an active cytoskeleton of the cytoplasma cortex 
at the connection between cell and extra cellular matrix – the 
place of the adhesive plate formation. A huge expression proves 
strong adhesion of the cells to the substrate. By analyzing the 
winculin expression in confocal microscopy, a bigger expres-
sion of this protein was observed on Ti-coated PU than on the 
glass substrates (Figures 3e and f).

By using the Burcker camera the viability of the cells was 
observed, revealing 99% cells were alive and only single dead 
cells for both the glass and the Ti-coated PU substrates. Ad-
ditionally, the proof for missing of interleukin 1 showed no 
evidence of its formation in the liquid gathered from the glass 
and Ti-coated PU surface. This strongest immunostimulator 
is one of the basic factors for examining the immunogenicity 
of a biomaterial being formed in the cultivated cells, if the 
biocompatibility is low. Its missing in the 48-hours cultivation 
of the fibroblasts on the two tested materials reveals as the 
last proof a comparable performance of Ti-coated PU and the 
control glass substrates. Compared to the uncoated PU, often 
tested and revealing in most of these tests a lower biocompat-
ibility for fibroblasts than the control glass substrate [2-3], a 
decreased surface affinity for cell adhesion is expected. 

CONCLUSIONS

The current work showed, that the application of room-tem-
perature coating by the pulsed laser deposition (RT-PLD), 
industrially developed at the Laser Center Leoben, allows 
high-adhesive titanium deposition with scarcely changed 
surface topography. Testing the biocompatibility revealed 
comparable adhesion of fibroblast cells and cell death between 
control glass substrates and the missing of the interleukin 1 
immunostimulator. In comparison to the well biomedical in-
vestigated TPU polymers, showing a general tendency towards 
lower biocompatibility for fibroblast cells than the used control 
glass substrates, the RT-PLD coating let expect improvements 
in decreasing the tendency to thrombus formation in blood 
flowing on such surfaces.
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