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Abstract: Improvement in hemocompatibility of highly oriented pyrolytic graphite (HOPG) 

by formation of nanostructured surface by oxygen plasma treatment is reported. We have 

showed that by appropriate fine tuning of plasma and discharge parameters we are able to 

create nanostructured surface which is densely covered with nanocones. The size of the 

nanocones strongly depended on treatment time. The optimal results in terms of material 

hemocompatibility were obtained after treatment with oxygen plasma for 15 s, when both 

the nanotopography and wettability were the most favorable, since marked reduction in 

adhesion and activation of platelets was observed on this surface. At prolonged treatment 

times, the rich surface topography was lost and thus also its antithrombogenic properties. 

Chemical composition of the surface was always more or less the same, regardless of its 

morphology and height of the nanocones. Namely, on all plasma treated samples, only a 

few atomic percent of oxygen was found, meaning that plasma caused mostly etching, 

leading to changes in the surface morphology. This indicates that the main preventing 

mechanism against platelets adhesion was the right surface morphology. 

Keywords: highly oriented pyrolytic graphite (HOPG); oxygen plasma treatment; 

nanocone formation; platelet adhesion 
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1. Introduction 

Thrombogenic response of the body is very complex and quite poorly understood, especially in 

connection with artificial surfaces which are in constant contact with blood (e.g., vascular grafts, 

artificial heart valves, etc.). In order to improve hemocompatibility of blood connecting materials it is 

important to understand the mechanisms of blood interaction with surface. It is now generally accepted 

that the blood plasma proteins are the first to come in contact with the artificial surface and adsorb on 

the surface of biomaterial. Adsorbed proteins are then recognized by platelet receptors which mediate 

platelet adhesion on the surface [1]. This promotes platelet activation, aggregation and subsequently 

thrombus formation. Traditional methods for improving blood compatibility of implants were focused 

on the minimization of blood interaction with materials; however, it is nowadays believed that the 

biomaterial surface should interact with the biological material to elicit the appropriate biological 

response [2]. Treatment of materials with chemicals or coating materials with bioactive coatings or 

even drug eluting coatings are common approaches in the direction of hemocompatible devices [3]. 

However, body responses can overcome theoretical predictions. In spite of many efforts to fabricate 

the biomaterial that would possess ideal mechanical and hemocompatible properties, there are still no 

such materials produced on the biomedical market.  

Mechanical heart valves need to be designed to fit the particular blood flow through the spaces of 

the heart (pressure differences), with emphasis on producing more central flow and reducing blood 

clots [4,5]. They also need to have good anticoagulation properties to control thromboembolisms [6,7]. 

Mechanical heart valves can be fabricated from different biomaterials like alumina [8,9], titanium [10,11], 

polyester [12–14], polyurethane [15,16] and carbon-based materials like pyrolytic carbon [17,18], 

graphite [19,20] and diamond-like carbon (DLC) [21,22]. Indeed 95% of all mechanical heart valve 

prostheses are made completely, or at least partially from pyrolytic carbon [23]. Often graphite in 

combination with pyrolytic carbon is used [24]. Therefore, pyrolytic carbon is regarded to be one of 

the leading materials in mechanical heart valves replacements [25]. This material is also suitable for 

sterilization since it can withstand autoclaving and is not degraded in physiological environments. Also, 

its chemical inertness is more excellent compared with many other materials suitable for application as 

heart valves. However, the hemocompatibility of valves made from pyrolytic carbon are still not 

adequate enough. Therefore, new approaches based on polymeric materials coated with 

antithrombogenic agents such as heparin and fucoidan, have been proposed to improve the 

hemocompatibility of medical devices [3,26,27]. Although no material has been found truly biocompatible, 

many cardiovascular devices function with low or acceptable risks of complications [28]. 

One possible way to improve the hemocompatibility of materials is treatment with gaseous  

plasma [29–31]. In our recent paper, we have shown that we can obtain antithrombogenic polymer 

surface only by treatment in oxygen plasma [32], without need for further grafting of plasma-treated 

surface with specific molecules or binding of heparin which is commonly applied method. It is well 

known that polymeric materials are easily functionalized upon treatment with gaseous plasma [33,34], 

however, this is not the case for graphite materials [35,36], where concentration of carbon-oxygen 

functional groups is much smaller compared to plasma-treated polymer. Graphite is less easily 

functionalized due to its specific crystalline structure and the wettability of the surface upon treatment 

with oxygen plasma is not optimal. The shortage of functional groups and low wettability of the 
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surface may be overcome by modification of the surface morphology [37,38]. It is known that the 

wettability of many materials depends not only on the surface functional groups but also on its 

roughness, which can also have a significant influence on the biological response. Numerous studies 

have dealt with the cell behavior on surfaces with different roughness as cells can sense the chemistry 

and topography of the surface to which they adhere [39–43]. It has been shown that nanometric 

features can elicit specific cell response [43,44]. Thus, by properly adjusting surface topography on a 

micro and nanometer scale it is possible to obtain a specific biological response from cells.  

Uniform modification of the surface topography leading to formation of nanostructures on an 

otherwise perfectly flat material can be achieved by treatment with oxygen plasma, using appropriate 

parameters. In the present paper we are presenting surface properties and hemocompatibility response 

of nanostructured surface of highly oriented pyrolytic graphite (HOPG) formed after treatment with 

highly non-equilibrium oxygen plasma. Chemical structure of HOPG is similar as for pyrolytic carbon 

but has much higher orientation [45]. Therefore, it can be a good alternative for use as a material for 

mechanical heart valves. 

2. Results and Discussion 

2.1. Surface Characteristics of Plasma Treated HOPG 

HOPG samples were treated in oxygen plasma for different treatment times and then the surface 

was analyzed by scanning electron microscopy (SEM), water contact angle measurements (WCA), 

atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and tested for 

hemocompatibility (HEMO). For easier reading of the paper, the sample notation with short 

description and a list of applied experimental methods is shown in Table 1. More details can be found 

in experimental part at the end. 

Table 1. Sample notation and description. 

Sample 

label 

Treatment 

time (s) 
Description Experimental methods 

#0 0 untreated WCA, SEM, XPS, HEMO 

#1 3 1st minimum in contact angle WCA, XPS, HEMO 

#2 5 maximum contact angle WCA, SEM, XPS, HEMO 

#3 15 2nd minimum in contact angle, nanocone formation WCA, SEM, XPS, AFM, HEMO 

#4 20 additional appearance of large nanocones WCA, SEM 

#5 30 only few large nanocones observed SEM, HEMO 

#6 40 all nanostructures disappeared WCA, XPS 

Evolution of surface morphology of plasma treated HOPG samples with treatment time as 

determined by SEM is shown in Figure 1. No effect on the surface morphology was observed in the 

first ten seconds of treatment (samples #0–#2). However, interesting morphological changes were 

observed after 15 s of treatment as the surface was fully covered with small nanocones, as seen in 

Figure 1c (sample #3 from Table 1). The height and width of the nanocones measured on the surface of 

this sample with AFM was about 100 nm and 150 nm, respectively (Figure 2). Longer treatment times 

~20 s (sample #4) resulted in appearance of individual large cones with the size of about one micron 



Materials 2014, 7 2017 

 

 

(Figure 1d). Between these large cones we can still observe surface densely covered with small 

nanocones. This was no longer the case after 30 s of treatment (sample #5), where only some large 

cones remained, while small nanocones between them have disappeared (Figure 1e). The surface 

between large cones is now quite smooth and similar to the untreated sample. At very long treatment 

times (more than 40 s, sample #6) also large cones disappeared and shallow pits are observed  

(Figure 1f). From Figure 1 we can thus conclude that nanostructures on the surface as shown in  

Figure 1c,d are observed only for a limited range of plasma parameters. 

Figure 1. SEM images of untreated and plasma treated highly oriented pyrolytic graphite 

for (a) untreated; (b) 5 s of treatment; (c) 15 s of treatment; (d) 20 s of treatment; (e) 30 s 

of treatment and (f) 40 s of treatment. Radiofrequency (RF) plasma created at oxygen 

pressure of 30 Pa, flow rate of 22 L/s and nominal power of 700 W was used for  

sample treatment. 
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Figure 2. (a) 2D and (b) 3D Atomic force microscopy (AFM) image of highly oriented 

pyrolytic graphite (HOPG) sample (#3) after 15 s of plasma treatment. 

 

Such a rich surface nanomorphology as shown in Figure 1 probably resulted from the interaction of 

highly energetic oxygen particles with carbon atoms on the HOPG surface, which caused extensive 

nonuniform etching of HOPG. This in turn enabled creation of nanocones on the surface of originally 

perfectly flat material. The etching rate was determined by measuring the mass of a sample before and 

just after plasma treatment and was estimated to around 300 nm/s. Reactive particles created in the 

oxygen plasma interact chemically with the surface carbon atoms causing changes in surface 

topography due to pronounced etching. Such a behavior is explained by two competing mechanisms. 

The first one is selective etching of HOPG by interaction with energetic oxygen particles. This 

mechanism favors appearance of nanocones of sub-micron diameter and height. The other mechanism 

is thermal oxidation of HOPG, and this mechanism favors destruction of any sharp objects on the 

surface of a sample exposed to plasma. At low temperatures, the first mechanism prevails and this is 

why nanocones are observed on the samples treated with plasma up to about 15 s. The second 

mechanism becomes predominant after longer treatment time due to increase in the sample 

temperature during the treatment. 

Contact angle of a water drop on plasma treated HOPG samples is shown in Figure 3. First, a small 

minimum is observed at 3 s of treatment, where contact angle dropped from initial 72° to about 48° 

(sample #1). This minimum is then followed by a maximum, where contact angle increased to about 

70° (sample #2). With further treatment time second minimum is observed, which is very deep and it 

appeared at 15 s of plasma treatment (sample #3). Here, the contact angle was only 25°. This second 

deep minimum corresponds to the case where surface was fully covered with nanocones (Figure 1c), 

while in the case of the first minimum, the surface was still smooth (Figure 1b) and quite similar to the 

untreated one. So therefore, the first minimum can be explained only by surface removal of carbon 

contaminants from the surface, as will be shown later in the text, while the second minimum can be 

explained by the formation of nanorough surface. This hypothesis is further supported by AFM 

measurements of the surface roughness which is also shown in Figure 3. We can see that the minimum 

contact angle is obtained at the same treatment time as the maximum surface roughness. At very long 

treatment times the contact angle increased again and at 40 s (sample #6) of treatment practically 

reached the initial value. This is due to the fact that nanostructures have disappeared at longer 

treatment times as described before. 
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Figure 3. Water contact angle, surface oxygen concentration and surface roughness versus 

plasma treatment time. 

 

In Table 2 is shown oxygen concentration as determined by XPS. For better comparison, the results 

from Table 2 are plotted in Figure 3 as well. The highest oxygen concentration on the HOPG surface 

was found at 15 s of treatment (sample #3), while oxygen concentration at 40 s of treatment has 

significantly decreased (sample #6). Indeed, variation in oxygen concentration between the samples is 

very low. Therefore, dramatic changes of water contact angles are more probably due to changes in the 

surface morphology (i.e., formation of cone-like nanostructures) than due to surface functionalization 

with oxygen (Figure 4), since amount of oxygen on the surface is quite small (Table 2), too small to 

cause such significant changes in the surface wettability. As shown in Figure 4, there is only a slight 

difference between XPS spectra of carbon C1s for untreated and plasma treated HOPG samples. 

Concentration of C–O bonds that are formed during surface oxidation by plasma is thus very small. 

Furthermore, we can also observe that C–O peak in Figure 4 is the most intense at 3 s of treatment 

(sample #1), while later its intensity is much lower. This can be explained by the removal of carbon 

contamination in plasma. 

Table 2. Surface composition of plasma treated HOPG samples as determined by X-ray 

photoelectron spectroscopy (XPS). 

Sample 
Surface composition (at%) 

C O O/C 

0 s (sample #0) 99.4 0.6 0.01 

3 s (sample #1) 95.3 ± 0.1 4.7 ± 0.1 0.05 

5 s (sample #2) 96.7 ± 0.5 3.3 ± 0.5 0.03 

15 s (sample #3) 94.6 ± 0.3 5.4 ± 0.3 0.06 

40 s (sample #6) 98.4 ± 0.6 1.6 ± 0.6 0.02 

XPS results also indicate that oxygen radicals from plasma attack carbon atoms at surface via C–O 

bond formation and C–C bond breakage and leading to release of CO or CO2 molecules [46,47]. 
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Oxidation of carbon probably takes place at the crystallographic borders which are weak points at 

HOPG surface. Formation of CO molecules was observed in OES spectra shown in Figure 5. The 

optical spectra revealed strong atomic oxygen lines (at 777 and 844 nm) and CO bands from 3rd 

positive as well as Angstrom transitions [48]. Furthermore, a broad continuum between 400 and  

700 nm is observed, which was explained by partial overlapping of radiative transitions within CO 

molecule [48]. The results showed continuous decrease of oxygen lines and simultaneous increase of a 

CO line due to intensive oxidation of the graphite sample (Figure 5b). OH band and hydrogen atomic 

lines which are also observed in Figure 5a are due to desorption of water molecules from the surface of 

plasma reactor. 

Figure 4. High resolution XPS spectra of C1s for plasma treated HOPG samples. 

 

Figure 5. (a) Optical emission spectra (OES) spectrum of oxygen plasma during treatment 

of HOPG sample and (b) time evolution of CO peak intensity. 
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2.2. Hemocompatibility Response of Plasma Treated HOPG 

After plasma treatment, the HOPG samples with different surface topography were tested to see their 

antithrombogenic properties. As a control material we have used polymer PET (polyethylene 

terephthalate). For the in vitro response the samples were incubated in whole blood and then platelet 

adhesion was determined from images taken by SEM and light microscopy. The results for HOPG 

samples are summarized in Figure 6 while for control samples are shown in Figure 7. 
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Figure 6. (left) SEM images of HOPG samples and (right) images taken by light 

microscope: (a) untreated sample; (b) plasma treated for 3 s; (c) plasma treated for 5 s;  

(d) plasma treated for 15 s with nanocones and (e) plasma treated at longer times—30 s. 

 SEM images Light microscope images 

(a) Sample #0 

  

(b) Sample #1 

  

(c) Sample #2 

  

(d) Sample #3 

  

(e) Sample #5 
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Figure 7. Images taken by light microscope of PET samples which were used as control 

samples: (a) untreated and (b) plasma treated PET. As expected, untreated PET surface is 

very thrombogenic and fully covered with platelets, while plasma treated PET surface has 

antithrombogenic effect [23]. 

  

(a) (b) 

In Figure 6a is shown platelet adhesion on untreated sample (#0). In Figure 6b,c is shown platelet 

adhesion for plasma treated samples (#1, #2) before nanocones formation while in Figure 6d is shown 

the case for HOPG sample (#3) which is fully covered with dense nanocones (15 s of plasma 

treatment). Furthermore, in Figure 6e is shown the case for long treatment times (30 s of plasma 

treatment, sample #5), where small nanocones have already disappeared. A big difference in the 

number of adhered platelets between the surfaces covered with nanocones and those that are perfectly 

flat or have only large cones are observed from right side of the Figure 6. While the untreated surface 

(#0) as well as surfaces treated in oxygen plasma for short times (#1, #2) are fully covered by platelets 

(Figure 6a–c), only few of them are observed on plasma treated surface (#3) which was covered with 

small nanocones (Figure 6d). It seems that such uniformly and densely distributed nanocones on 

HOPG materials as seen in Figure 1c have very high impact on platelet adhesion shown in Figure 6d, 

since at longer treatment times (sample #5 in Figure 6e), when small nanocones disappear  

(Figure 1e,f), the situation regarding platelet adhesion is again similar to the case of untreated sample. 

Large micron-size cones as observed in Figure 1e for sample #5 were thus shown to have no influence 

on the platelet adhesion. Difference in adhesion of platelets on the surface treated for 15 s (sample #3, 

Figure 6d) can thus be explained by the differences in surface morphology and appropriate size and 

distribution of the nanocones, which prevent platelet adhesion.  

From Figure 6 we can see another important difference: plasma treatment does not only have an 

impact on the number of adhered platelets, but also on their morphology (i.e., activation). Namely, 

after contact with the foreign material platelets interact and adhere on the surface by the series of 

different reactions which induce platelet activation. One of the ways to determine the degree of platelet 

activation is by observing transformation of their morphology. In general platelets are classified into 

five groups according to their morphology; round, dendritic, spread-dendritic, spread and fully spread 

where round shape is nonactivated and fully spread is totally activated [46]. It can be clearly seen that 
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no drastic changes in platelet morphology can be observed for samples #0, #1, #2 and #5 shown in 

Figure 6a–c,e, while the morphology of platelets in Figure 6d (sample #3) is very different. In  

Figure 6a–c,e we can observe spread platelets with many extending pseudopodia, which are connected 

with high platelet activation and thus high risk of thrombus reactions. It is also interesting, that in the 

case of a sample with the large nanocones (sample #5, Figure 6e), platelets are spreading not only on 

the flat HOPG surface between the large nanocones, but they can adhere also on the surface of the 

large nanocones themselves. So this means that while platelets can adhere to the large nanocones with 

dimensions of about 1 m which are found on sample #5, the spreading and activation of them on the 

nanocones of smaller dimensions (100 nm or less) as those shown in Figure 1c for sample #3 is not 

favorable (Figure 6e). Namely, figure 6e shows that platelets are mostly in round non-activated form as 

hardly any extend pseudopodia and or spread platelet shape is noticed, which is connected with low 

platelet activation and thus lower risk of thrombus reactions. 

2.3. Discussion on Platelet Adhesion  

Let us now explain the possible reasons for observed differences in the platelet adhesion. Normally 

changes in adhesion properties of plasma treated samples are related to surface functionalization, 

different surface morphology and wettability. In our case, the changes in wettability were observed 

after different treatment time, but it should be mentioned that the changes in wettability are mostly 

influenced by the changes in morphology of the surface. The minimum water contact angle was 

measured on the surfaces treated for 15 s (Figure 3), which correlates well with the formation of 

nanocone structures (Figure 1b). Longer treatment time however showed increase in water contact 

angle and it reached practically initial value after 40 s of treatment. Interestingly the chemical 

composition of the surface was not much altered during treatment (Table 2). Increase in oxygen 

content from about 2 at% to about 5 at% was noticed already after 5 s of treatment and it did not 

change much after 15 s of treatment (6 at%). Prolonged treatment (40 s) resulted in a bit lower oxygen 

content (3 at%). It should be emphasized that these differences are not significant and they could be in 

the range of the experimental error of XPS measurement or they can be even attributed to the influence 

of surface roughness on XPS measurements. Other chemical elements were not found on surfaces of 

HOPG after plasma treatment. These results thus confirm that wettability in our case is mostly 

influenced by the change in the surface morphology, as oxygen content on 5 s (sample #2) and 15 s 

(sample #3) treated surface was almost the same, while the wettability was quite different. Moreover, 

the biological response between these two surfaces was also quite different, as reduced adhesion was 

only noticed on the samples treated for 15 s (sample #3). This again confirms that platelet adhesion in 

this case is mainly influenced by the surface morphology. The surface as seen from a platelets 

perspective is made of dots of nanocone tops. The contact area between nanocone tops and platelets is 

not sufficient for their adhesion on nanocones. A distance between created nanocones (about 0.2 µm) 

is also too small for platelets to comfortably sit and adhere between them. Therefore, marked reduction 

in platelet adherence in this case was correlated to the lack of available surface for platelets adhesion. 
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3. Experimental Section 

3.1. Plasma Treatment 

Samples of HOPG (ZYH type from NT-MDT) were exposed to oxygen plasma created by 

inductively coupled electrodeless radio-frequency discharge in pure H-mode [49]. A scheme of such 

plasma reactor is presented in Figure 8. Plasma reactor was composed of a discharge tube made from 

Quartz glass. A length of the tube was 80 cm and a diameter was 4 cm. A coil of 6 wounds was 

mounted in the center of the tube. Rather large distance between the coil and the grounded flanges was 

applied in order to minimize the capacity coupling. Plasma was created by an RF generator coupled to 

the coil via a matching network. The generator operated at the standard frequency of 13.56 MHz. The 

nominal power was set to 700 W. The discharge chamber was pumped with a Roots pump with a 

nominal pumping speed of 400 m
3
 h

−1
 backed by a two-stage oil rotary pump with a pumping speed of 

80 m
3
 h

−1
. Commercially available oxygen was added into the discharge chamber through a flow 

controller. The pressure was measured by an absolute vacuum gauge. The pressure was fixed to 30 Pa 

and the flow rate was 22 L/s. Such experimental conditions allowed for practically 100% dissociation 

of oxygen molecules in H-mode and substantial concentration of atoms and metastable excited  

states [49]. The HOPG samples were exposed to such extremely non-equilibrium oxygen plasma for 

different periods. During HOPG treatment optical emission spectra (OES) were recorded to follow 

plasma-surface interactions. OES spectra were recorded by using spectrometer AVASPEC 3648 

(Avantes Ltd, Leatherhead-Surrey, UK) with the spectra resolution of 0.5 nm in the spectral range 

from 180 to 1100 nm. The integration time was set to 50 ms.  

Figure 8. Scheme of the experimental plasma reactor. 

 

3.2. Surface Characterization  

After plasma treatment the wettability was determined from water contact angles, and the 

concentration of oxygen on the surface was determined using X-ray photoelectron spectroscopy (XPS). 

Morphology of the HOPG samples was analyzed by Scanning electron microscopy (SEM) and Atomic 

force microscopy (AFM).  

Chemical composition of the samples was analyzed by the XPS instrument TFA XPS (Physical 

Electronics Inc., Chanhassen, MN, USA). The base pressure in the XPS analysis chamber was about  
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6 × 10
−8

 Pa. The samples were excited with X-rays over a 400-µm spot area with monochromatic Al 

Kα1,2 radiation at 1486.6 eV. The photoelectrons were detected with a hemispherical analyzer 

positioned at an angle of 45° with respect to the normal to the sample surface. The energy resolution 

was about 0.5 eV. Survey-scan spectra were made at a pass energy of 187.85 eV and 0.4 eV energy 

step. The high-resolution spectra were made at a pass energy of 23.5 eV and 0.1 eV energy step. The 

concentration of the elements on the sample surface was determined using MultiPak v8.1c software 

(Ulvac-Phi Inc., Kanagawa, Japan, 2006) from Physical Electronics, which was supplied with the 

spectrometer. XPS measurements were performed for two samples for each treatment condition. 

AFM images of plasma treated HOPG were obtained with an atomic force microscope (AFM, 

Solver PRO, NT-MDT, Zelenograd, Russia) in the tapping mode in air at the room temperature. The 

surfaces were analyzed with standard Si cantilever with a force constant of 10 N/m and at resonance 

frequency of 170 kHz. The scanning rate was around 1.56 Hz. Surface roughness was measured on 

area 1 × 1 µm
2
. 

SEM images of plasma treated HOPG samples were obtained by using field emission scanning 

electron microscope JSM-7600F (JEOL, Tokyo, Japan). SEM analyses were repeated two or three 

times for each treatment condition. 

The surface wettability was measured immediately after plasma treatment by determination of the 

contact angle of a demineralized water drop in a static mode. A volume of a water droplet was 3 μL.  

A home-made apparatus equipped with a CCD camera and a PC computer was used for taking high 

resolution pictures of a water drop on the sample surface. Three samples were prepared for each 

treatment condition and for each sample five measurements were perform in order to minimize the 

statistical error. The contact angles were determined by software See System (Advex Instruments, 

Brno, Czech Republic) which enables fitting of the shape of a water drop and drawing the tangent to 

the water drop surface. The estimated error in contact angle determination was ±3°. 

3.3. Hemocompatibility Testing 

Hemocompatibility of plasma treated samples was tested by incubation of HOPG samples with 

blood. The amount of adhered platelets on the surface of plasma-treated HOPG samples was observed 

with light microscope Axio CSM 700 (Carl Zeiss Vision GmbH, Munich, Germany) and their 

morphology was analyzed by SEM. 

Detailed preparation of the samples for light and SEM microscopy is as follows: The HOPG 

samples were incubated for 1 h with whole blood. Whole blood was drawn from healthy volunteers via 

vein puncture. The number of platelets in the blood was 1.1 × 10
9
 L

−1
. The blood was drawn into 9 mL 

tubes with tri sodium citrate anticoagulant (Sigma Aldrich Co., Taufkirchen, Germany), and the number 

of platelets in whole blood was counted (Cell-DYN 3200, Abbott Laboratories, North Chicago, IL, 

USA). Afterwards the fresh blood was incubated with HOPG surfaces in 24 well plates for 1 h at 37 °C 

with shaking at 300 RPM. Each sample (measuring 10 mm in diameter) was incubated with 1 mL of 

whole blood. After 1 h of incubation the samples were rinsed with PBS (phosphate-buffered saline) 

five times in order to remove blood residues. Adhered platelets were then fixed in 2.5% glutaraldehyde 

for 30 min at 4 °C, rinsed with distilled water and dehydrated through a series of graded ethanol 

solutions (50%, 60%, 70%, 80%, 90% and 96%). 
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Samples prepared for SEM analysis were further dried in a Critical Point Dryer and sputtered with a 

thin layer of gold. SEM images were taken by JEOL JSM-7600F (JEOL, Tokyo, Japan) microscope at 

accelerating voltage of 5 keV. 

4. Conclusions 

Oxygen plasma treatment caused a growth of densely distributed cone-like nanostructures on the 

surface of HOPG samples. Such cone-like nanostructures were only observed for a limited range of 

plasma parameters i.e., after 15 s of oxygen plasma treatment. At prolonged treatment times, the rich 

surface topography was lost. On plasma treated samples only few atomic percent of oxygen was found 

meaning that plasma causes mostly etching, leading to changes in the surface morphology, which has 

resulted in formation of nanocones. Difference in the number of attached platelets between the surfaces 

covered with nanocones and those that are perfectly flat or have larger nanocones were found. The 

optimal results in terms of material hemocompatibility were obtained after treatment with oxygen 

plasma for 15 s, when both the nanotopography and wettability were the most favorable. 

Acknowledgments 

This research was financially supported by the Slovenian Research Agency ARRS.  

Author Contribution 

Kristina Eleršič has performed all experimental work regarding plasma treatment of HOPG material 

and SEM analyzes under supervision of Miran Mozetič. Martina Modic has performed all tests 

regarding biocompatibility and platelet adhesion as well as imaging with light microscopy. Ita Junkar 

has performed AFM analyzes as well as scientific discussion regarding platelet adhesion. Alenka Vesel 

has performed XPS analyzes and wrote the paper.  

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Beugeling, T. The interaction of polymer surfaces with blood. J. Polym. Sci. Polym. Symp. 1979, 

66, 419–427. 

2. Yang, C.Y.; Huang, L.Y.; Shen, T.L.; Yeh, J.A. Cell adhesion, morphology and biochemistry on 

nano-topographic oxidized silicon surfaces. Eur. Cells Mater. 2010, 20, 415–430. 

3. Olsson, P.; Larm, O. Biologically-active heparin coating in medical devices. Int. J. Artif. Organs 

1991, 14, 453–456. 

4. Mohammadi, H.; Mequanint, K. Prosthetic aortic heart valves: Modeling and design.  

Med. Eng. Phys. 2011, 33, 131–147. 

5. Manning, K.B.; Herbertson, L.H.; Fontaine, A.A.; Deutsch, S. A detailed fluid mechanics study of 

tilting disk mechanical heart valve closure and the implications to blood damage. J. Biomech. Eng. 

2008, 130, 041001:1–041001:8. 



Materials 2014, 7 2027 

 

 

6. Fedel, M.; Motta, A.; Maniglio, D.; Migliaresi, C. Carbon coatings for cardiovascular applications: 

Physico-chemical properties and blood compatibility. J. Biomater. Appl. 2010, 25, 57–74. 

7. Goodman, S.L.; Tweden, K.S.; Albrecht, R.M. Platelet interaction with pyrolytic carbon  

heart-valve leaflets. J. Biomed. Mater. Res. 1996, 32, 249–258. 

8. Gentle, C.R.; Tansley, G.D. Development of a ceramic conduit valve prosthesis for corrective 

cardiovascular-surgery. Biomaterials 1995, 16, 245–249. 

9. Juden, H.; Gentle, C.R.; Dowson, D. Scanning electron-microscopy examination of a porous 

alumina prosthetic heart-valve. Biomaterials 1983, 4, 139–141. 

10. Phillips, S.J. Thrombogenic influence of biomaterials in patients with the Omni series heart valve: 

Pyrolytic carbon versus titanium. Asaio J. 2001, 47, 429–431. 

11. Wang, X.H.; Zhang, F.; Li, C.R.; Zhgne, Z.H.; Wang, X.; Liu, X.H.; Chen, A.Q.; Jiang, Z.B. 

Improvement of blood compatibility of artificial heart valves via titanium oxide film coated on 

low temperature isotropic carbon. Surf. Coat. Technol. 2000, 128, 36–42. 

12. Wang, Q.; McGoron, A.J.; Pinchuk, L.; Schoephoerster, R.T. A novel small animal model for 

biocompatibility assessment of polymeric materials for use in prosthetic heart valves. J. Biomed. 

Mater. Res. A 2010, 93, 442–453. 

13. Joseph, R.; Shelma, R.; Rajeev, A.; Muraleedharan, C.V. Characterization of surface modified 

polyester fabric. J. Mater. Sci. Mater. M 2009, 20, 153–159. 

14. Wang, J.; Pan, C.J.; Huang, N.; Sun, H.; Yang, P.; Leng, Y.X.; Chen, J.Y.; Wan, G.J.; Chu, P.K. 

Surface characterization and blood compatibility of poly(ethylene terephthalate) modified by 

plasma surface grafting. Surf. Coat. Technol. 2005, 196, 307–311. 

15. Kutting, M.; Roggenkamp, J.; Urban, U.; Schmitz-Rode, T.; Steinseifer, U. Polyurethane heart 

valves: Past, present and future. Expert Rev. Med. Devices 2011, 8, 227–233. 

16. Thomas, V.; Jayabalan, M. A new generation of high flex life polyurethane urea for polymer heart 

valve-Studies on in vivo biocompatibility and biodurability. J. Biomed. Mater. Res. A 2009, 89A, 

192–205. 

17. Gott, V.L.; Alejo, D.E.; Cameron, D.E. Mechanical heart valves: 50 years of evolution.  

Ann. Thorac. Surg. 2003, 76, S2230–S2239. 

18. Fare, S.; Brunella, M.F.; Bruschi, G.; Cigada, A.; Vitali, E. Materials characterization of explanted 

mechanical heart valves and comparison to patients’ clinical data. Int. J. Artif. Organs 2005, 28, 

701–710. 

19. Szymonowicz, M.; Fraczek-Szczypta, A.; Rybak, Z.; Blazewicz, S. Comparative assessment  

of the effect of carbon-based material surfaces on blood clotting activation and haemolysis.  

Diam. Relat. Mater. 2013, 40, 89–95. 

20. Kruzic, J.J.; Kuskowski, S.J.; Ritchie, R.O. Simple and accurate fracture toughness testing 

methods for pyrolytic carbon/graphite composites used in heart-valve prostheses. J. Biomed. 

Mater. Res. A 2005, 74, 461–464. 

21. Hauert, R. A review of modified DLC coatings for biological applications. Diam. Relat. Mater. 

2003, 12, 583–589. 

22. Yu, L.J.; Wang, X.; Wang, X.H.; Liu, X.H. Haemocompatibility of tetrahedral amorphous carbon 

films. Surf. Coat. Technol. 2000, 128, 484–488. 



Materials 2014, 7 2028 

 

 

23. Medart, D.; Steinseifer, U.; Reul, H.; Schmitz-Rode, T. Early wear development in a novel 

mechanical heart valve prosthesis made from polymeric materials. J. Heart Valve Dis. 2006, 15, 

557–562. 

24. Dauskardt, R.H.; Ritchie, R.O.; Takemoto, J.K.; Brendzel, A.M. Cyclic fatigue and fracture in 

pyrolytic carbon-coated graphite mechanical heart-valve prostheses—role of small cracks in life 

prediction. J. Biomed. Mater. Res. 1994, 28, 791–804. 

25. Roy, R.K.; Lee, K.R. Biomedical applications of diamond-like carbon coatings: A review.  

J. Biomed. Mater. Res. Part B-Appl. Biomater. 2007, 83, 72–84. 

26. Zhu, Z.; Zhang, Q.; Chen, L.; Ren, S.; Xu, P.; Tang, Y.; Luo, D. Higher specificity of the activity 

of low molecular weight fucoidan for thrombin-induced platelet aggregation. Thromb. Res. 2010, 

125, 419–426. 

27. Vesel, A.; Mozetic, M.; Strnad, S. Improvement of adhesion of fucoidan on polyethylene 

terephthalate surface using gas plasma treatments. Vacuum 2011, 85, 1083–1086. 

28. Takaseya, T.; Fumoto, H.; Shiose, A.; Arakawa, Y.; Rao, S.; Horvath, D.J.; Massiello, A.L.; 

Mielke, N.; Chen, J.F.; Zhou, Q.; et al. In vivo biocompatibility evaluation of a new resilient, 

hard-carbon, thin-film coating for ventricular assist devices. Artif. Organs 2010, 34, 1158–1163. 

29. Jaganjac, M.; Vesel, A.; Milkovic, L.; Recek, N.; Kolar, M.; Zarkovic, N.; Latiff, A.;  

Kleinschek, K.-S.; Mozetic, M. Oxygen-rich coating promotes binding of proteins and 

endothelialization of polyethylene terephthalate polymers. J. Biomed. Mater. Res. Part A 2013, 

2013, doi:10.1002/jbm.a.34911. 

30. Junkar, I.; Cvelbar, U.; Lehocky, M. Plasma treatment of biomedical materials. Mater. Tehnol. 

2011, 45, 221–226. 

31. Cvelbar, U.; Modic, M.; Kovač, J.; Lazović, S.; Filipič, G.; Vujošević, D.; Junkar, I.; Eleršič, K.; 

Brühl, S.P.; Canal, C.; et al. Plasma functionalization of titanium surface for repulsion of blood 

platelets. Surf. Coat. Technol. 2012, 211, 200–204. 

32. Modic, M.; Junkar, I.; Vesel, A.; Mozetic, M. Aging of plasma treated surfaces and their effects 

on platelet adhesion and activation. Surf. Coat. Technol. 2012, 213, 98–104. 

33. Gomathi, N.; Mishra, D.; Maiti, T.K.; Neogi, S. Helium plasma treatment to improve 

biocompatibility and blood compatibility of polycarbonate. J. Adhes. Sci. Technol. 2010, 24, 

2237–2255. 

34. Kumar, D.S.; Nair, B.G.; Varghese, S.H.; Nair, R.; Hanajiri, T.; Maekawa, T.; Yoshida, Y. Blood 

compatibility of surface modified poly(ethylene terephthalate) (pet) by plasma polymerized 

acetobromo-alpha-D-glucose. J. Biomater. Appl. 2010, 24, 527–544. 

35. Cvelbar, U. Interaction of non-equilibrium oxygen plasma with sintered graphite. Appl. Surf. Sci. 

2013, 269, 33–36. 

36. Elersic, K. Superhydrophilicity of Plasma Treated Materials. Ph.D. Thesis, Jozef Stefan 

International Postgraduate School, Ljubljana, Slovenia, 2012. 

37. Belmonte, T.; Arnoult, G.; Henrion, G.; Gries, T. Nanoscience with non-equilibrium plasmas at 

atmospheric pressure. J. Phys. D Appl. Phys. 2011, 44, doi:10.1088/0022-3727/44/36/363001. 

38. Lehock , M.; Drnovsk , H.; Lapč  kov , B.; Barros-Timmons, A.M.; Trindade, T.;  embala, M.; 

Lapč  k, L., Jr. Plasma surface modification of polyethylene. Colloids Surf. A Physicochem.  

Eng. Aspects 2003, 222, 125–131. 



Materials 2014, 7 2029 

 

 

39. Anselme, K.; Ploux, L.; Ponche, A. Cell/Material interfaces: Influence of surface chemistry and 

surface topography on cell adhesion. J. Adhes. Sci. Technol. 2010, 24, 831–852. 

40. Koh, L.B.; Rodriguez, I.; Venkatraman, S.S. The effect of topography of polymer surfaces on 

platelet adhesion. Biomaterials 2010, 31, 1533–1545. 

41. Dolatshahi-Pirouz, A.; Foss, M.; Besenbacher, F. Interfacial fibrin polymerization and fibrillation 

kinetics is influenced by nanoscale roughness and fibrinogen-fibrin cleavage in solution. J. Phys. 

Chem. C 2011, 115, 13617–13623. 

42. Ferraz, N.; Carlsson, J.; Hong, J.; Ott, M.K. Influence of nanoporesize on platelet adhesion and 

activation. J. Mater. Sci. Mater. Med. 2008, 19, 3115–3121. 

43. Dalby, M.J.; Riehle, M.O.; Johnstone, H.; Affrossman, S.; Curtis, A.S.G. In vitro reaction of 

endothelial cells to polymer demixed nanotopography. Biomaterials 2002, 23, 2945–2954. 

44. Curtis, A.; Wilkinson, C. New depths in cell behaviour: Reactions of cells to nanotopography. 

Biochem. Soc. Symp. 1999, 66, 15–26. 

45. Turner, I. Case Study—Mechanical Heart Valves, Univerity of Liverpool. Available online: 

http://classroom.materials.ac.uk/caseHeart.php (accessed on 25 February 2014).  

46. Goodman, S.L.; Grasel, T.G.; Cooper, S.L.; Albrecht, R.M. Platelet shape change and cytoskeletal 

reorganization on polyurethaneureas. J. Biomed. Mater. Res. 1989, 23, 105–123. 

47. Kregar, Z.; Biscan, M.; Milosevic, S.; Elersic, K.; Zaplotnik, R.; Primc, G.; Cvelbar, U. Optical 

emission characterization of extremely reactive oxygen plasma during treatment of polymer-graphite 

composite. Mater. Tehnol. 2001, 46, 25–30. 

48. Vesel, A.; Mozetic, M.; Drenik, A.; Balat-Pichelin, M. Dissociation of CO2 molecules in 

microwave plasma. Chem. Phys. 2011, 382, 127–131. 

49. Zaplotnik, R.; Vesel, A.; Mozetic, M. Transition from E to H mode in inductively coupled oxygen 

plasma: Hysteresis and the behaviour of oxygen atom density. Europhys. Lett. 2011, 95, 

doi:10.1209/0295-5075/95/55001. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


