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ABSTRACT

The aim of this study was to examine the thrombogmoperties of polyurethane that was surface rfiediwith

carbon coatings. Physicochemical properties of nfiactured coatings were investigated using transimisslectron

microscopy (TEM), atomic force microscopy (AFMYaX-Photoelectron Spectroscopy (XPS), Raman spsipy
and contact angle measurement methods. Samplesexamined by the Impact-R method evaluating thel lefv
platelets activation and adhesion of particular ddocell elements. The analysis of antimicrobialstesice against
E. coli colonization and viability of endothelial cellscsted that polyurethane modified with use of cartayers

constituted an interesting solution for biomediapplication.

Key words: Diamond-like carbon, Atomic force microscopy (AFEMX¥-ray photoelectron spectroscopy XPS, Raman
spectroscopy, biological properties

INTRODUCTION 2000). For this purpose, different bioactive
substances are used (heparin, albumin and other)
Polymeric  biomaterials increasingly displace(gunkar et al. 2009; Bazaka et al. 2011). There are
standard materials used in the medical field ssch &everal reports on the use of different types iof th
steels and other metal alloys. They argoatings produced with the use of plasma
indispensable in the manufacturing of artificialtechniques (Ohgoe et al. 2004; Jones et al. 2006;
veins, eyeballs, equipment and other medicgbesmet et al. 2009; Bozukova et al. 2010). The
instruments and implants. However, among th@lasma treatment leads the synthesis of thin
medical fields, where polymer materials can bgoatings and allows the functionalization of the
used, the most demanding application seems to Rgodified surface. However, the practical
the construction of an artificial heart. Here, inappﬁcation of p|asma modification of p0|ymers is
addition to the good mechanical properties, th@ot easy due to its negative effect on both theagi
highest hemo-, thrombo- and biocompatibility argyrocesses and the surface development (Junkar et
absolutely required. al. 2009).
Itis know that in case of polymeric implants hayin pjamond-like coating (DLC) is a metastable form
contact with blood, in order to avoid the risk Ofof amorphous carbon Containing both @]‘aphne
thrombus formation, it is necessary to modify theifike) bonds and sp(diamond-like) bonds. The
surface (Courtney et al. 1994; Schroeder et ahydrogenated (a-C:H) and non-hydrogenated (a-C)
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2 Kaczorowski, W. et al.

as well as tetrahedrally coordinated amorphousthereas RF plasma controls their energy.
carbons (ta-C) are referred to as DLC (Robertso,herefore, it is possible to synthesize carbon
2002), whereas the ¥pp* bonded carbon ratio are coatings in the lower energy regimes compared to
important factors influencing the biological pure RF plasma. Other advantages of this
response of DLC surfaces (Ma et al. 2007). Thesechnology have been described by Kaczorowski et
coatings have become quite popular in biomedicaill. (2008).

applications, particularly in cardiovascular,

orthopaedic and ophthalmic applications (Naraya

2005; Mitura et al. 2006; Kleinen et al. 2008; FIedeR/IATERlAL AND METHODS

et al. 2009; Lackner et al. 2009; Asakawa et alsamples were flat discs 40 and 8 mm in diameter
2011; Batory et al. 2012; Batory et al. 2014). Theyyng 2.5 and 2 mm length, made of polyurethane
are also used in the modification of the surface QichronoFlex). Before the synthesis, the specimens
polyurethane presenting good flexibility, still \yere cleaned ultrasonically in isopropyl alcohol
maintaining high level of adhesion (Ohgoe et alpaih for 10 minutes, then dried using the
2004; Lackner et al. 2009). These films demonstraigompressed air and placed on r.f. (radio frequency)
very high hemocompatibility and lack of cytotoxity electrodes of plasmochemical reactors. Processes of
(Matsumoto et al. 2008; Lackner et al. 2012). Theyhqgification were conducted using two plasma
decrease platelet activation and reduce thrombygogification technologies as described elsewhere
formation on a cardiovascular device surface. Thejigatory et al. 2008; Kaczorowski and Niedzielski
extremely low coefficient of friction may increase 2008; Batory et al. 2013; Kaczorowski et al. 2014).
the rate of the blood flow and improve otherpyg|-frequency technology (MW/RF PACVD
hemodynamic properties (Hauert 2004; Hauert anghethod marked as MW/RF) was used in order to
Muller 2003; Narayan 2005). As shown in theconduct the modification processes using pure
clinical practice, their very good resistance ag&in methane. Carbon coatings were synthesized using
bacterial colonisation makes them a perfecgh, atmosphere under the pressure of 100 Pa in 5
material for the applications preventing biofilmmin Negative r.f. bias was equal to 250 V, whereas
formation (Laube et al. 2007). the microwave power, introduced into the chamber
One of the most commonly used methods of thgia quartz tube, was adjusted to 900 W. The hybrid
synthesis of carbon coatings on polyurethangschnology of DC pulsed magnetron sputtering
substrates is RF PACVD method (Nakahigashi efypported by the radio frequency discharge (RF
al.2004; Ohgoe et al. 2004; Jones et al. 200ACVD/MS method marked as RF/MS) was used
Matsumoto et al. 2008; Martinez-Martinez et alin order to conduct the modification in two stage
2014). Despite its popularity, it has severahrocess. The process of synthesis was preceded by
weaknesses. One of them is relatively high level 9fjasma etching of the polymer substrate. The
the residual stress of synthesized coatings. Th&ching parameters were optimised to guarantee the
other is low density of high energy ions, which ingood adhesion of carbon coatings to PU substrates
consequence, due to application of high RF powergcaczorowski et al. 2009). Combination of CVD
may lead to noticeable degradation of the modifiedchemical Vapour Deposition) and PVD (Physical
surface. In view of the above, this study aimed t/apour Deposition) allows application of an
develop two different methods for the preparationqgitional Ti — TiC, gradient interlayer as stress
of carbon coatings on polymer substrates, whiChhsorhing buffer giving higher flexibility of the
could reduce the described drawbacks. The firgfoating (Lackner et al. 2009). In order to improve
one, RF PACVD/MS (Radio Frequency Plasmane adhesion of Ti interlayer to PU substrate, the
Assisted Chemical Vapour Deposition / Magnetronsiching process was conducted for 10 min i@
Sputtering) allows the production of carbon(so/50 ratio) atmosphere under the pressure of 1 Pa
coatings with gradient Ti-TC,-DLC interlayer, ang negative r.f. bias of 540 V. After the etching
which greatly reduces the stress and improves thgocess, Ti — TC, gradient interlayer was
adhesion of the final carbon coatings on the tofynthesized using the magnetron sputtering process
The second one, MW/RF PA CVD (Microwave /of Tj cathode in Ar/CH atmosphere, conducted in
Radio Frequency Plasma Assisted Chemical Vapghe radio frequency electric field under negatite r
Deposition) allows modification of polymer pias of 300 V. Ar/CH composition ratio as well as

substrates in the dual frequency plasma, where thge sputtering parameters were matched to obtain
MW plasma determines the high density of ions,
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Physicochemical and Biological Investigation of @ar Coatings 3

the gradient of chemical composition form pure Tipolyurethane with the carbon coatings. Disks were
to TixCy — DLC composite. Final carbon coatingfitted into experimental wells, overlayed with
was synthesized by the means of RF PACVDanticoagulated blood, and subsequently shear stress
method from methane atmosphere under pressunas applied during 300 s using a disposable conical
of 20 Pa, negative r.f. bias of 500 V for time of 5rotor revolving 720 rpm. This corresponded to a
min. shear rate of 1800/s, typical for arterial bloamil
Structure and thickness of the manufactureérollowing the shear stress, blood was collected
coatings were examined using the transmissiofiom the wells. Expression of platelet activation
electron microscope Techai G2 F20 (200kV)markers and platelet aggregates was measured by
equipped with high resolution CCD cameraflow cytometry using fluorescently labelled
(GatanUltraScan). Specimens for the examinationmonoclonal antibodies against selectin-P activation
were prepared using the focused ion beam (FIBharker (CD62P) and platelet-specific integrin
system equipped with Ga+ ions source. SurfacEPllla (CD61) gating platelets. Total platelets
morphology and topography were measured usingpunt was measured using automated cell counter
AFM Multimode microscope equipped with (Sysmex-K1000, Sysmex, USA). The degree of
Nanoscope V controller (Bruker Corporation,fragmentation of activated platelets was measured
USA) working in tapping mode. Image acquisitionas plateled-derived microparticles concentration in
was performed with the use of Nanoscope 7.5he plasma using an immuno-enzymatic assay.
software and further image processing was donghus, cell membrane phospholipids of the
using MountainsMap 5 (Digital Surf, France)fragmented platelet were quantified (Zymuphen
software. For each sample, the areas of 100 x 100P-activity ELISA kit; Hyphen Biomed, Eragny,
um and 1 x 1um were scanned and roughnessance), following Sanak et al. (2010). Results
parameters were determined (average values takeomparing polyurethane with the tested coatings
from 512 surface profiles). Surface free energyvere calculated following the subtraction of
(SFE) was determined according to the Owendaseline parameters of the donor’s blood.

Wendt method (Rudawska and Jacniacka, 200%ll the tests were done in six replicates, an
Myllymaa et al. 2013;). Contact angles wereadditional functional test of platelets activated
measured with KRUSS Contact Angle Measuringising adenosine diphosphate [5 pM] was used as a
Instrument, using the sessile drop method. Thpositive control of platelet reactivity. Samples fo
investigation was made for deionised water anthe bacterial colonisation were placed each into a
diiodomethane (Sigma Aldrich, USA). Each time ahomemade bioreactor (200 mL) and were immersed
standard volume of 0.8 uL was applied on thén the medium containing NaCl (1%), bactopeptone
sample surface. The measurement was repeat€ido) and yeast extract (0.5%), pH 7.0. The medium
three times and the results were averaged. Surfas@s supplemented with a small number
functionalization was determined by X-ray (approximately 2x1%) of E. coli cells (strain
photoelectron spectroscopy R3000 (VG Scientd)H5a). The cells were cultured at 37°C for 24h.
Sweden) system equipped with monochromatic Abamples removed from the culture media were
(Kal,2 =1486.6 eV) X-ray source. The calibrationgvashed extensively with deionised water. Next,
of peak position were done in accordance to Clsacterial cells present on the sample surfaces were
peak energy established at 284.6 eV (Tai et aVisualized using Olympus GX71 microscope
2009; Wang et al. 2009). The C1s core level spectf®lympus, Center Valley, USA), equipped with a
were obtained at pass energy of 25 eVCCD camera (DC 70). Control samples, made of
Experimental spectra were analysed using PEAKpolished AISI 316l steel, were present and treated
FIT software. Chemical structure of the synthesizedlentically in each experiment. Samples were
coatings was determined using inVia confocaprocessed in two separate experiments, and up to
micro-Raman spectrometer (Renishaw), workingix randomly selected separate areas were inspected
with 532 nm wavelength and power of 2.5 mw. for each sample (Jakubowski et al. 2004). For
The carbon coatings were tested under conditior&cquired microscopic images, Image J software was
modelling dynamic contact with whole humanused to calculate the area of bacterial surface
blood under the shear stress (the Impact-R method)overage. Endothelial cells (immortalized cell line
In brief, donor’'s venous blood was collected orEA.hy 926, ATCC, Manassas, USA) were cultured
sodium citrate 30 min before a test. Tested susfacén tissue culture plastics (TPP, Trasadingen,
were disks made of the polyurethane oiSwitzerland) using Dulbecso’s modified Eagle’s
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4 Kaczorowski, W. et al.

medium with high glucose concentration (4.5 g/L)to both coating and substrate amorphous structure.
containing 10% FBS and antibiotics, at 37°C in devertheless, it appeared to be continuous and
humidified atmosphere containing 5% £O0he  uniform.

cells were cultured on the investigated surfaces fd-igures 1 B and C present the structure of gradient
48 h. For the control, cells cultured in the stadda nano-composite carbon coating deposited using the
conditions were used. Samples cytotoxicity wafkF PACVD/MS technique. Structure of the coating
estimated by live/dead test using calcein-AM anaonsisted of three distinguishable zones of tha tot
ethidiumhomodimer (Live/Dead thickness of about 180 nm. The first one was Ti
Viability/Cytotoxicity Kit, Molecular Probes, interlayer deposited directly on the substrate
Eugene, USA) and Olympus GX71 fluorescencesurface. The nanocomposite interlayer was visible

microscope. where the nano-crystalline TixCy inclusions were
randomly distributed in an amorphous matrix of
RESULTSAND DI SCUSSION diamond-like carbon (Fig. 1C). The external zone

of the coating was amorphous carbon layer. Voids
The structure of coatings in the cross-section area of the nanocomposite

Figure 1 presents the structures of PU substrat&te“""ye.r were rather the result of the sample.
modified using the MW/RF technique and RI:/,\/IS_preparatlon procedure than the process of synthesis

In the first type of structure of carbon coatingitself' The adhesion of both types of the coatings

(obtained using MW/RF plasma), the thickness oft
analyzed coatings was around 20 — 30 nm (Fig. 1Ag.
The interface between the manufactured film an

polyurethane substrate was barely visible du

ppeared to be satisfactory since no cracks or othe
iscontinuities were observed neither in the cgatin
or in the interface with the substrate, despite of
3imp|e bending tests performed before the thin foil
preparation procedure. HRTEM examination
results proved the continuous interface between
both the coatings and modified substrates.

Figure 1 - TEM of PU substrate modified with carbon coasirf{gbtained using MW/RF plasma) (A)
and gradient titanium carbon layer (obtained usRigMS plasma) (B). High-resolution
view of the Ti — Ti{C, — DLC nanocomposite interlayer (C).

The Analysis of Surface Geometry Changes Table 1- Roughness parameters for bare substrate,
Figure 2 shows the AFM topography scans ogubstrate modified by MW/RF and RF/MS methods
examined samples. Table 1 shows the roughne&ietermined for scanned areas of 100 x 100 pm).

parameters determined for the areas of 100 x 100_Sample Ra[nm] RMS [nm] Rmax [nm]
um. Surface of PU substrate (Fig. 2B) was MVT/?RF ﬁg 1?85 13;2559
characterized by the low values of Ra, RMS and RE/MS 186 295 1709

Rmax roughness parameters equal to 12.9, 16.5 and

325 nm, respectively. Both modification processe : e
resulted in increased values of these paramete?gbv'ousw’ modification of the polyurethane

amounting up to 146, 178 and 1459 nm for MW/RFSL]bstrates by means of both synthesis techniques

method (Fig. 2D) and 186, 225 and 1709 nm foFes.ulted in the higher surface development. Both
RE/MS meth.od (Fig. 2F) ' coatings appeared to be quite uniform with the

homogeneous topographical pattern, which was
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Physicochemical and Biological Investigation of l@ar Coatings 5

smoother for MW/RF and coarser for RF/MS
technique.

Figure 2 - AFM topography images: PU substrate (A, B), site modified with use of MW/RF
method (C,D), substrate modified with use of RF/M&hod (E,F). Scanned areas: 10 x 10
pm (A, C and E) and 100x100 um (B, D and F).

Material Characteristics hybridized carbon. (Lopez-Santos et al. 2009;
The study of the chemical composition andTashiro et al. 2013; Kaczorowski et al. 2015). The
chemical structure of modified and unmodified PUquantitative analysis results of deconvoluted
substrates was carried out based on XPS and Ransgectra are presented in Table 3.

spectroscopy results. The basic chemical

composition from XPS investigations of examined! €2 - The content of oxygen, carbon and nitrogen on
samples before and after the modification g€ PU surface in both cases: before and after the
presented in Table 2. As it was expected, after tHQOd'f'Cat'on'

synthesis of carbon-based coatings, the PU samplglhe percem\?\%‘;Eontent,fﬂglggem'cal elegbe nts [% aj
were characterized by increased concentration ¢*-57¢ 10.10 16.40 51.50
carbon and decreased concentration of oxygen. Tt -4 89.03 82.14 77.59
deconvoluted XPS C1s core level spectra for thi N1s 0.87 1.46 0.89

modified carbon-based coatings are presented in
Figure 3. Four Gaussian profiles with characteristi
binding energies, associated with a certain chdmic@able 3 - The quantitative analysis of the deconvolution
state of a film component, were fitted to each C1ef C1s peaks of carbon-based coatings synthesgiad u
peak. The carbon peaks at binding energies MW/RF and RF/MS techniques.

~284.5 eV and ~285.3 eV corresponded foasyl The analysis of deconvolution of C1s peak
sp® coordinated carbon bonding, respectively MW/RF RF/MS
(Narayan 2005; Kaczorowski et al. 2014; Batory et [%] FWHM [%0] FWHM

At [eV] [eV]
al. 2015). The other two carbon peaks located ¢ sP(28456V) 5777 162 56063 164

binding energies of ~286.1 eV and ~288 eV wer s (2853 eV) 3216 3.01 2719 3.77
associated with oxygen adsorbed on the coatin(c_o (286.1ev) 7.86 230 840 2.18
surface (Foong et al. 2011; Takabayashi an c=p(288ev) 2.20 290 7.78 3.67
Takahagi 2015). Thus, the results of XPS made sp/(sp?+sp) 0.36 - 0.32 -

possible to evaluate the mutual share éfasul sp

Braz. Arch. Biol. Technol. v.59: €16150305, Jan/R6&6
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Figure 3 - The deconvolution of XPS C1s peaks of: a) salstmodified with use of MW/RF method,
b) substrate modified with use of RF/MS method.

Figure 4 presents typical Raman spectra ofid not show any significant changes in surface
manufactured carbon coatings with theirhydrophobicity. Both the substrate and coatings
deconvolution employing four-peak fitting method.were characterized by very high water contact
Registered Raman spectra were deconvoluted usiaggles. The difference in the surface properties
four peak fitting method and four Gaussianspetween the two types of modification was visible
attributed to D1 (1180 crh characteristic for in their interaction with non-polar liquid drop.
nanocrystalline diamond), D2 (1350 em Contact angle for diiodomethane for PU sample
characteristic for microcrystalline or was ~23°. Further modification of polyurethane
nanocrystallinegraphite), G1 (1530 — 1571-cm substrate resulted in increased value of contact
characteristic for disordered graphite) and G2 (159angle up to 27.51° for MW/RF sample and up to
cntt characteristic for ordered graphite) (Tai et al68.5° for RF/MS sample. Such variety of
2009). interactions between the samples and polar and
non-polar liquids was reflected in the values @ th
Contact Angle and Surface Free Energy total surface free energy.The total SFE for

Analysis polyurethane substrate was equal to 48.67 AJ/m

Table 4 shows the contact angles of polar and noyhereas for samples modified with MW/RF and
polar liquid drops together with calculated valaés RE/Mms techniques its value decreased to 45.71

polar and dispersive component of the total surfacg,j/n? and 24.15 mJ/respectively.
free energy for the analyzed samples. The values

1000 1100 1200 1300 1400 1500 1600 1700 1800

. 1000 1100 1200 1200 1400 1500 1600 1700 1800
Raman Shift [cm™]

Raman Shift [cm™]

Figure 4 - Raman spectra of examined samples for a) MW/Rthad and b) MS/RF method.

Table 4 - Contact angles of polar and non-polar liquidpgrand polar and dispersive component of the soidhce
free energy for the analyzed samples.

Sample Water Diiodomethane Surface free energy
Avg. Contact angle Avg. Contact angle  Polar component Dispersive component
PU 104.90+2.80 22.90+1.50 0.56 48.11
MW/RF 105.93+1.53 27.51+2.03 0.49 45.22
RF /IMS 104.25+0.85 68.50+6.14 0.43 23.72
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Biological Evaluation of activated platelets. Both the tested carbon hano
All the parameters summarizing biologicalcoatings generated lower number of plateled
evaluation of the studied surfaces are shown imicroparticles during whole blood shear stress
Table 5. Experimental whole blood shear stresRF/MS — 7.5+4.64 and MW/RF — 6.8+6.05 nM
resulted in a decrease in the number of plateletphosphatydylserine/mL), than the reference
which was the highest for MW/RF coating (bypolyurethane (10.1+5.94).

47.3%) but similar for polyurethane and RF/MSAnother very important parameter characterizing
surface (37.5 and 38.3%, respectively). Botlihe surface biocompatibility is susceptibility for
MWI/RF and polyurethane induced aggregation ofnicrobial colonization. The surface of PU was
the platelets, as evidenced by flow cytometrymore susceptible foE. coli colonization than the
Aggregation of the blood platelets corresponds tmodified surfaces. The number of bacterial cells
initiation of the first step of thrombotic eventcais  found on the PU surface, in the field of view, was
regarded as a predictor for major adverséour times higher than on the modified surfaces. In
cardiovascular events. The smallest fraction o&ddition, surface area occupied Bycoli cells on
aggregates was noticed for RF/MS surface (1.8+1BU sample (48.7%) was larger than for RF/MS
vs. 7.418.74 for polyurethane and 5.3+10.37 fof18.8%) and for MW/RF (26.1%). Any material
MW/RF) and this difference was the highest for théntended to cooperate with the blood circulatory
aggregates composed of more than two plateletsystem should be well tolerated by the endothelial
Fraction of activated platelets, as measured by treells. In this sense, PU poorly met this requiretmen
expression of P-selectin, was the lowest for RF/MS he cell viability of endothelial cells was relatly
coating (7.9%%6.99), while the referencelow (71.43%). In contrast, the modified surfaces
polyurethane and MW/RF surfaces (12.4%+14.53llowed for much better cell viability reaching
and 13.0%+12.25) resulted in a similar percentag@6.17 and 97.14%, respectively.

Table5 - Parameters summarizing biological evaluatiothefstudied surfaces.

Parameter PU RF/MS MW/RF
il?]ietggase in the platelet number caused by sheasg®#b of 375 383 473
Fractionofplateletaggregates (%) 7.4+8.74 1.8 1 5.3+10.37
Fraction of activated platelets (%) 12.4 +14.53 9 #6.99 13.0+12.25
Fraction of platelet derived microparticles 10.1 + 5.94 75+464 6.8 + 6.05

(nMphosphatydylserine/mL)
Bacterial colonization number &. coli cells in the field of

. 209.4 42.7 53.5
view (% of control)
Bacterial colonization surface occupiedibycoli cells (%) 48.7 £ 4.6 18.8+2.3 26.1+21
Viability of endothelial cells (%) 71.43+2.31 96.+ 3.12 97.14 + 3.73
DISCUSSION gradient together with the nano-composite structure

of the middle interlayer possibly decreased the
Presented results are the part of ongoing researchstress and by facilitating the interfacial sliding
the modification of the surface of polyurethanepetween the neighbouring  grain-matrices
Samples used in the present study were selecteddfibsequently increased the ductility of the film
terms of the best mechanical properties anfliyang et al. 2009) and probably ensured a better
particularly resistance to wear, which already hagdhesion to soft polymer substrate. The present
been published earlier (Kaczorowski et al. 2009)esults of the AFM research proved that there was a
The structures of carbon coatings were clearlyig influence of conducted modifications on the
visible in the TEM examination results. The Coatin%urface deve|opment of po]yurethane substrates.
produced using MW/RF technique was amorphousghis, in turn, should be considered in accordaace t
whereas in case of the coating synthesized kyyo different phenomena taking place during the
RF/MS method, its gradient character, inClUdingnodiﬁcation process. Name|y etching and
nano-composite Ti-XC,~DLC interlayer was synthesis processes. These processes take place
visible. Application of the chemical composition simultaneously and their influence is noticeable in

Braz. Arch. Biol. Technol. v.59: €16150305, Jan/R6&6



8 Kaczorowski, W. et al.

case of all types of carbon coatings. The changes Based on results from the Raman spectroscopy and
the roughness parameters depend on the numberdgfconvolution, the ID/IG ratio was determined,
modification stages. In case of one stage - MW/RWherein D = D1+D2 and G = G1+G2. For the
modifications, they are lower than for three stage coatings manufactured by means of MW/RF
RF/MS techniques. It is mainly influenced by theplasma, the ID/IG was equal to 0.69, whereas for
preliminary etching procedure, performed inhybrid MF/MS coatings, it was 0.84. This increase
oxygen/argon plasma. In this case, the surfadedicated the lowering trend in concentration of sp
development is higher and the surface topographyybridized carbon and was in agreement with the
is more varied. It is mainly connected with theXPS results. Water contact angle for the analysed
chemical character of the interaction betweesamples did not change significantly. Samples
oxygen free-radicals and modified substrate. Ia thibefore and after the modification remained strongly
field, oxygen plasma is known to be one of the modtydrophobic; however, noticeable change in the
aggressive agents in polymer degradation, wurface free energy was observed. There was
modification (Vesel et al. 2014). Resulting surfacdowering trend in the polar and dispersive
chemical structure may possibly improve thecomponent of SFE. The lowest value of the
adhesion of the coating by increasing free surfacdispersive component (observed for the sample
energy of PU substrate by bonding oxygen td&RF/MS) was more than two times lower than that of
carbon atoms on their surface (Hauert 2004). Theolyurethane. A low blood-biomaterial interfacial
topography of carbon coatings depends on thetension is beneficial to blood compatibility (Kwok
thickness and is related to the residual stress al. 2005). Very low value of polar component of
(Nakahigashi et al. 2004). In the present case, thibe surface free energy was also expected to
gradient character of Ti — @y interlayer might enhance the hemocompatibility (Kwok et al. 2007).
also affect this parameter. Analysing the chemicaBiological evaluation of the surface-modified
composition of proposed layers, it would be wortlpolyurethane provides a number of important
to emphasize that in case of both MW/RF andnformation. Though presented differences were
RF/MS modifications in the manufactured layer,not statically significant due to a great variakiln
there was lack of other elements characteristic fahe platelet response to the shear stress, RF/MS
the substrate and the interlayer as well. The onlgoating was superior in hemocompatibility
contamination was nitrogen adsorbed on the surfaggoperties over the reference polyurethane surface.
form air. The XPS studies showed differentDuring the dynamic tests of platelets activation,
sp/(sp+sp’) ratio for both the modification consistently lower platelet consumption, selectin-P
techniques, wherein higher3sgoordinated carbon activation and platelet microparticles generation
concentration was registered for the samplevas observed for this coating. Long-term adverse
MW/RF. This fact, together with the lower self-biasclinical effects of the implantable devices in @it
applied during the deposition process, proves theith blood are consequences of the thrombotic
sp® promoting properties of the microwave plasmavents. Even moderate improvements in
(Kaczorowski and Niedzielski 2008). The ®sp hemocompatibility parameters, as evidenced for the
fraction and hydrogen content are well known to b&F/MS carbon coating by the lowest number of
the factors that determine the mechanical progertiplatelet aggregates and decreased potential for
of carbon coatings; however, high®gpntent may platelet microparticles generation, could reduee th
also affect the adhesion, causing the coatingumulative risk of the stroke, or other arterial
delamination (Lackner et al. 2009; Robertsorocclusion. Although the current results did not
2002). Higher concentration of sponded carbon reach the statistical significance, this could be
(graphite-like) obviously decreases the mechanica&xplained by a low number of tested samples (n=6),
properties; however, ensures the good flexibility oand a high dispersion of results obtained for the
the coating, which may be critical in this applioat reference polyurethane and MW/RF samples. The
(Ma et al. 2007). C1 score level of deconvolutiorPU surface is much more susceptible for microbial
results did not significantly differ in terms of colonization than the modified surfaces. It is
contribution and binding energy of particular peaksextremely important, when an implanted medical
however, higher intensity and FWHM of peaksdevice is predicted to be used for a long time. A
denoted as C-O and C=0 for the sample RF/M8igh susceptibility to colonization by the
clearly indicated the increased concentration obpportunistic microbes present in the patient’sybod
these functional groups (Matsumoto et al. 2008)an result in recurrent opportunistic infectionsg a

Braz. Arch. Biol. Technol., v.59: €16150305, Janw/2616



Physicochemical and Biological Investigation of @ar Coatings 9
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