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Abstract:



Titanium (Ti) and its alloys are widely used in biomedical devices. As biomaterials, the blood compatibility of Ti and its alloys is important and needs to be further improved to provide better functionality. In this work, we studied the suitability of zirconia (ZrO2) particle reinforced poly-ether-ether-ketone (PEEK) coatings on Ti6Al4V substrates for blood-contacting implants. The wettability, surface roughness and elastic modulus of the coatings were examined. Blood compatibility tests were conducted by erythrocytes observation, hemolysis assay and clotting time of recalcified human plasma, to find out correlations between the microstructure of the ZrO2-filled PEEK composite coatings and their blood compatibilities. The results suggested that adding ZrO2 nanoparticles increased the surface roughness and improved the wettability and Derjaguin-Muller-Toporov (DMT) elastic modulus of PEEK coating. The PEEK composite matrix coated Ti6Al4V specimens did not cause any aggregation of erythrocytes, showing morphological normal shapes. The hemolysis rate (HR) values of the tested specimens were much less than 5% according to ISO 10993-4 standard. The values of plasma recalcification time (PRT) of the tested specimens varied with the increasing amount of ZrO2 nanoparticles. Based on the results obtained, 10 wt % ZrO2 particle reinforced PEEK coating has demonstrated an optimum blood compatibility, and can be considered as a candidate to improve the performance of existing PEEK based coatings on titanium substrates.
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1. Introduction


Titanium (Ti) and its alloys have been widely used in blood-contacting medical devices, such as vascular stents, dental implants and artificial joints, owing to their excellent biocompatibility, CT/MRI compatibility and mechanical properties [1,2]. However, the main issue for these implant devices is the thrombosis introduced by biomaterials, which may lead to implant failure and revision surgery [3]. It is reported that titanium is much more thrombogenic than other conventional biomaterials such as stainless steel [4]. Meanwhile, poor tribological behavior of titanium alloys also limits its long-term service as an implant device [5]. Therefore, various biocoatings, such as hydroxyapatite (HA) [6], diamond-like carbon (DLC) [7], titanium nitrides (TiN) [8] and some polymeric coatings [9,10], have been developed to improve the tribological characteristics and hemocompatibility of Ti and Ti-based materials. Each coating has its advantages and limits. Few coatings could combine the anti-wear properties of ceramic, toughness of metal, and an optimum bonding strength and biocompatibility as a biomaterial [11].



Recently, researchers in the field of blood-contacting medical devices have shown great interest in poly-ether-ether-ketone (PEEK), which is believed to be one of the leading candidates of implant materials, because of its prominent stiffness, toughness, chemical and tribological properties [12,13]. PEEK composites have been also used as coating materials for biomedical devices [14]. In fact, PEEK composite coatings on Ti-based materials can protect substrates against further wear and decrease the release of wear debris and metallic ions to the surrounding human tissues [15]. In our previous study [16], zirconia (ZrO2) particle reinforced PEEK was coated on Ti6Al4V substrates to investigate their friction and wear performances. The results obtained suggested that ZrO2 nanoparticles filled PEEK coatings improved the tribological properties of the Ti6Al4V, and that adhesive wear and mild abrasive wear were the dominant wear and failure mechanisms for PEEK/ZrO2 composite coatings. Blood compatibility is one of the most important properties for biomaterials [17]. Liu et al. [18] studied the blood compatibility of carbon fibers reinforced PEEK and titanium alloy, suggesting that the two materials have no significant effects on human erythrocytes, leucocytes, and platelets. Kawasaki et al. [19] carried out the surface modification of PEEK through self-initiation graft polymerization, resulting in significant improvement in blood compatibility. However, very limited investigations were conducted about the blood compatibility of ZrO2-filled PEEK coatings on the Ti6Al4V substrates.



In order to further explore the potential of ZrO2 particle reinforced PEEK coatings for biomedical applications, five different PEEK composite coatings were deposited on Ti6Al4V substrates in the present paper. The wettability and microstructure analysis were conducted for surface characterization. The erythrocytes observation, hemolysis assay and clotting time of recalcified human plasma were carried out to explore correlations between the microstructure of the ZrO2-filled PEEK composite coatings and their blood compatibility.




2. Materials and Methods


2.1. Sample Preparation


Square-shaped Ti6Al4V plates (side length of 10 mm and thickness of 5 mm) were cut from larger commercial Ti6Al4V panels (TC4, Baoji Titanium Industry Co., Ltd, Baoji, Shanxi, China). The commercial powders of PEEK (VICTREX® 450G, Lancashire, UK) and ZrO2 (Sino-Rich Material Technology Co., Ltd, Beijing, China) were purchased. The average size of PEEK powders was below 100 μm and that of ZrO2 was about 50 nm.



The Ti6Al4V plates were successively ground using 60 to 1500 mesh alumina (Al2O3) abrasive papers before final polishing with diamond paste to get a mirror-like surface finish, which were used as the substrates for the deposition of the coatings. The entire deposition processes were performed by an authorized applicator according to the reported process [20]. Those polished plates were first cleaned in an acetone bath for 15 min and degreased in a water-based solution of alkaline cleaner for 10 min followed by thorough rinsing with deionized water, respectively [21]. Then, the cleaned substrates were grid-blasted using an 80-grit aluminum oxide abrasive to increase the surface roughness and make the mechanical bonding of the deposited coatings better. Morpholine and xanthan gum were mixed with these powder compounds into a liquid dispersion to avoid rusting rust and resist sagging (formation of tears of the deposited coating). Five different polymeric coatings, namely, PEEK containing 0, 2, 5, 10 and 15 wt % ZrO2 nanoparticles were deposited on the grit-blasted substrates using a spray gun. Next, the specimens were cured above 350 °C to remove the gum particles from the coatings. As a result, only the solid particles of PEEK and ZrO2 were finally left in the coating. In this study, the PEEK based coatings were used without polishing the surface. As shown in Table 1, the specimens coated with PEEK containing 0, 2, 5, 10 and 15 wt % ZrO2 nanoparticles were defined as S1, S2, S3, S4 and S5, respectively.



Table 1. The poly-ether-ether-ketone (PEEK) based composite coatings on Ti6Al4V substrate.







	
Sample Code

	
Coating






	
S1

	
Pure PEEK




	
S2

	
PEEK + 2 wt % ZrO2




	
S3

	
PEEK + 5 wt % ZrO2




	
S4

	
PEEK + 10 wt % ZrO2




	
S5

	
PEEK + 15 wt % ZrO2











2.2. Surface Characterization


In order to understand the thickness values of the coatings, the specimens were inlaid by epoxy resin and the cross sections were ground using 60 to 1500 mesh alumina (Al2O3) abrasive papers before final polishing with diamond paste to get a mirror-like surface finish [22]. The height images and Derjaguin-Muller-Toporov (DMT) modulus (Young’s modulus according to the DMT mode) maps of the specimens were observed by atomic force microscope (AFM, Dimension Icon, Bruker, CA, USA) with TAP525A probes (Bruker) in PEAKFORCE Quantitative Nanomechanical Mapping (Peakforce QNM) mode at ambient conditions (Relative Humidity = 17 ± 2%, Temperature = 26 ± 1 °C) [23]. The radius curvature and spring constant of the tips used in the experiment were calibrated according to the calibration procedures given in the Peakforce QNM user guide. The scan area of topology and elastic modulus maps for each sample were 5 × 5 μm2. The applied normal load used in Peak Force QNM was 50 nN. The scanning resolution was 512 × 512 pixels, and the scanning frequency was 1 Hz. The Poisson’s ratio of PEEK coatings was used as 0.388 for the DMT modulus [24]. The DMT modulus were calculated from the histograms of peak values in the DMT modulus maps by the software “Nanoscope Analysis” (v 1.8, Bruker), respectively. The surface roughness values (Ra) were evaluated using a 3D white-light interfering profilometer (MicroXAM 3D, ADE Corp). In order to investigate the wettability of the PEEK/ZrO2 coatings, the static contact angle values were measured using a contact angle goniometer (Data Physics Corporation, San Jose, CA, USA) at ambient temperature. One drop (3 μL) of distilled water was dropped on the surface of the tested samples with an automatic piston syringe and the photograph was captured. All experimental results were obtained by averaging the values of at least four repetitions.




2.3. Blood Donors


The quality of the blood is of critical importance for the blood compatibility test. Thus, the following exclusion criteria for the blood donors were strictly applied in this study: smokers, drug-taking in the last 2 weeks, especially oral contraceptives, acetylsalicylic acid, non-steroidal antiphlogistics and others hemostasis-affecting agents [25]. Blood for this study was obtained from healthy volunteers with an activated partial thromboplastin time (APTT) in a normal range (age: >20 and <40 years), which was mixed with acid citrate dextrose.




2.4. Erythrocytes Observation


Fresh anticoagulated blood (2 mL) was incubated with those PEEK based coatings at 37 °C for 20 min, respectively [26]. The one without any samples was used as blank control. After incubation, the shape and aggregation of erythrocytes were examined under an inverted microscope (Motic AE30, Motic Electric Group Co., Ltd., Xiamen, China) at high magnification (400×). One representative image for each specimen was given.




2.5. Hemolysis Assay


Fresh anticoagulated blood from human volunteers (2 mL) was diluted with 2.5 mL of normal saline [27]. The 0.2 mL diluted blood and 10 mL normal saline were mixed with tested samples. The positive controls consisted 0.2 mL blood with 10 mL distilled water and the negative controls consisted 0.2 mL blood with 10 mL normal saline. The mixture was kept at 37 °C for 60 min and then centrifuged at 2500 rpm for 5 min [28]. The supernatant was transferred to a 96-well plate. The absorbance was evaluated using a BioTek synergy 2 Multi-Mode Microplate Reader at 545 nm. The hemolysis rate (HR) was calculated as shown in Equation (1):


[image: ]



(1)




where ODt, ODpc and ODnc were the absorbency of test specimens, positive control and negative control, respectively. All data were obtained based on the average of four repeats.




2.6. Plasma Recalcification Time


The thrombus formation was evaluated according to the measurement of plasma recalcification time (PRT) of the ZrO2-filled PEEK coatings. Before the PRT experiments, platelet-poor plasma (PPP) was prepared by centrifuging the whole blood at 3000 rpm for 15 min [29]. The PPP and 25 mM CaCl2 aqueous solution were placed in water bath at 37 °C for 30 min. The tested specimens were added into test tubes, respectively. The 1 mL preheated PPP was dropped on each tested specimen in a 24-well plate and incubated statically at 37 °C for 1 min. Then, the preheated 1 mL CaCl2 aqueous solution (25 mM) was added into the cell of the 24-well plate and the stopwatch was started simultaneously. A stainless steel wire hook was dipped into the plasma to monitor clot formation. PRT was recorded at the first sign of a fibrin blood clot appeared [30]. The blank control was consisted 1 mL PPP and 1 mL 25 mM CaCl2 aqueous solution. The test was repeated four times for each sample to get a reliable value.




2.7. Statistics


Following the above analyses, One-way ANOVA and Least-Significant Difference (LSD) post hoc tests were conducted in “SPSS” (SPSS® v. 18, SPSS Inc., Chicago, IL, USA) to compare the contact angles, HRs and PRTs of the tested samples. A level of p < 0.05 was considered statistically significant.





3. Results


3.1. Surface Characterization


It is reported that surface roughness is a key factor in increasing the blood compatibility of the implants [31]. In this study, the surface roughness values (Ra) were measured by a 3D white-light interfering profilometer and the elastic modulus of the deposited coatings were determined by AFM. The variations of the surface roughness and elastic modulus of the PEEK based coatings are displayed in Figure 1, which can be regarded as the composites as a function of the ZrO2 particle content in wt %. According to our previous characterization [16], the introduced ZrO2 nanoparticles are distributed evenly in PEEK matrix and the thickness values of the PEEK based coatings were around 25 μm, suggesting that the measured surface roughness and elastic modulus should not be affected by the substrates. It is indicated that the surface roughness values of PEEK composite coatings increase with the increment of ZrO2 particle content. The surface roughness values are 48, 621, 645, 651 and 698 nm for S1 to S5 samples, respectively. Regarding the DMT modulus of the PEEK based composite coatings, the continuous increasing trend of the elastic modulus up to 15 wt % ZrO2 nanoparticles as displayed in Figure 1. The highest increment occurs in S5, which raising the PEEK modulus from 2.5 up to 3.7 GPa (an increment percentage of 48%). It is reported that the elastic modulus of composite polymeric matrix is a function of properties of constituents, volume fraction of components [32]. Thus, the greater adhesion between the PEEK and ZrO2 nanoparticles causes less debonding when a stress is applied, leading to the improvement of elastic modulus. The increase in modulus is also attribute to the modulus of ZrO2, E = 220 GPa [33], which is much greater than that of the PEEK matrix. Therefore, one may conclude that the blended ZrO2 nanoparticles could increase the DMT elastic modulus. Owing to the different calculate modes, the elastic modulus of PEEK varies from 2.6 to 4.0 GPa in previous literatures [34,35], indicating the results obtained in this study are in a reasonable range.


Figure 1. Variations of surface roughness (Ra) and Derjaguin-Muller-Toporov (DMT) elastic modulus (E) of the PEEK based coatings.
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It has been reported that the surface wettability is a key factor of the biological response for biomaterials [36]. The wettability of PEEK based coating were evaluated by measuring the contact angle under distilled water and the results obtained are set out in Figure 2. As can be seen, the contact angle of pure PEEK coating under distilled water is 80.4°, which is similar to the results found in previous literature [37]. The contact angles of PEEK/ZrO2 coatings decrease with the increment of ZrO2 nanoparticles content, indicating that those nanoparticles have improved the wettability of PEEK coating. The statistics analysis indicates that there is a significant difference (p < 0.05) between the contact angle values of S1 and S3/S4 samples, respectively. In particular, the contact angle of S5 is the lowest (79.8°), which demonstrates a decline of 15.1% in comparison with that of S2. It is suggested that the contact angle value of a material means the wettability for a surface, which could be affected by surface topography and chemistry [37]. Figure 2 also indicates larger variations in contact angle values of the ZrO2 particle reinforced PEEK coatings in comparison with the pure one. Those ZrO2 nanoparticles increased the surface roughness (Figure 1) and the oxide in ZrO2 enhanced water adhesion tension and as a result, the water contact angles of ZrO2-filled PEEK coatings were declined with the increasing ZrO2 nanoparticles content.


Figure 2. Contact angles of PEEK based coatings under distilled water (N = 4, * p < 0.05, statistically significant difference; S1 vs. S2 to S5).
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3.2. Erythrocytes Observation


Erythrocyte interaction with polymers plays an important role in the biosafety of implant biomaterials [26]. In order to analyze the effect on erythrocytes shape and aggregation, the erythrocytes in whole blood incubated with PEEK/ZrO2 coatings were observed microscopically in this study. As demonstrated in Figure 3, there is no aggregation of erythrocytes in whole blood after 20 min incubation with all tested specimens, which is also morphological normal and in accordance with the blank control sample (Figure 3a). Hence, it can be concluded that the PEEK composite matrix coated Ti6Al4V specimens cannot cause any aggregation and shape change of the erythrocytes, which is similar to the control sample, indicating good blood compatibility. The same results are also visible with the hemolytic properties of those tested specimens.


Figure 3. Optical micrographs of human blood red cells in whole blood after 20 min incubation with different specimens: (a) blank control; (b) S1; (c) S2; (d) S3; (e) S4 and (f) S5. All images are at 400× magnification.
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3.3. Hemolysis Assay


Hemolysis assay is widely used as a useful and reliable way to evaluate the blood compatibility of biomaterials [38]. The hemolysis rate (HR) values of the tested specimens are shown in Figure 4. The smaller the HR value, the better the blood compatibility of a biomaterial is. It can be seen that the HR values of all the samples are much less than 5%, the safe value for biomaterials according to ISO 10993-4 standard, indicating that the tested samples are nonhemolytic when contacted with blood [39]. Figure 4 also reveals that the HR values of the tested specimens decrease with the increasing amount of ZrO2 nanoparticles. Meanwhile. the statistics analysis of the obtained HR values indicates that there is a significant difference (p < 0.05) between pure PEEK coating (S1) and ZrO2-filled PEEK coatings (S2 to S5), suggesting that introduced ZrO2 nanoparticles affected the hemolysis properties and then improves the blood compatibility of PEEK coating. One possible explanation for it might be that the surface roughness of these coated samples have been increased with the increasing amount of ZrO2 nanoparticles, leading to the reduction of blood cells adhesion. As a result, the injury of blood cells caused by the coatings decreased, leading to decline of the HRs of PEEK composite coatings. Furthermore, the results obtained are in agreement with the optical micrographs observed by inverted microscope displayed in Figure 3.


Figure 4. Hemolysis rates of the tested specimens (N = 4, * p < 0.05, statistically significant difference; S1 vs. S2 to S5).
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3.4. Plasma Recalcification Time


It is reported that the plasma coagulation characteristics of a biomaterial represent its potential to react with blood component and possibility to cause thrombosis [40,41]. Plasma recalcification time (PRT) is a way to measure the time taken for clotting of blood or to determine the deficiency of factor responsible for clotting. It is an evaluation of the intrinsic coagulation cascade activation defined by the time for fibrin clot formation when calcium has been reintroduced into sodium citrate anticoagulated plasma [42]. Hence, the PRT assay was conducted to further evaluate the blood compatibility of ZrO2-filled PEEK composite coatings in this study. The PRTs of different samples are illustrated in Figure 5. The one without specimens is defined as blank control. It can be seen that the blank control obtains a PRT of 97.2 s. It is indicated that PRTs of the tested specimens vary with the increasing number of ZrO2 nanoparticles. In detail, the S3 and S4 samples demonstrate the shortest (88.2 s) and the longest (144.0 s) PRT value, respectively. It has been suggested that longer PRT often indicates better blood compatibility of the material in contact with blood [43]. As displayed in Figure 5, the statistics analysis reveals that there is a significant difference between the blank control and S4 sample. S4 has a significant increase in PRT, which is about 142.01% of that for pure PEEK coating (S1), suggesting that the reinforced 10 wt % ZrO2 nanoparticles play an important role in restricting the transformation of fibrinogen and could decrease the activation of intrinsic coagulation system [44]. Therefore, it can be concluded that the blood compatibility of PEEK coating can be enhanced effectively by adding 10 wt % ZrO2 nanoparticles. Furthermore, the PRTs observed in the present study matched well with the ones reported in previous literature [43,45].


Figure 5. Plasma recalcification time of different samples (N = 4, * p < 0.05, statistically significant difference; Control vs. S1 to S5).
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4. Discussion


The implant biomaterials must possess suitable wettability and good blood compatibility [46]. The wettability of PEEK based coatings is assessed through contact angle. The blood compatibility of those coatings is evaluated through a series of testing. The destructive effect of the tested specimens to the erythrocyte were observed microscopically. The hemolysis assay was carried out to confirm the observation of erythrocyte. Furthermore, the anticoagulant property was evaluated through PRT. Generally, HR has to be less than 5% (ISO 10993-4) and long PRT is always desired.



The obtained results of surface characterizations shown in Figure 1 and Figure 2 indicate that the addition of ZrO2 nanoparticles into PEEK matrix contributes to the increment in the surface roughness, reduction in contact angle and the improvement of Young’s modulus in comparison with pure PEEK coating (S1), decreasing cell adhesion and proliferation, which are benefit to the blood compatibility of biomaterials [44].



Regarding the hemolysis tests, Figure 3 indicates that no aggregation and shape change of the erythrocytes can be found, which indicates that the PEEK based coatings causes no damage to erythrocyte. Figure 4 clearly proves that the HRs of the tested samples are lower than the recommended value (5%), which decrease significantly in comparison with the reported value of bare Ti6Al4V (1.5%) [47]. The increase of surface roughness and decrease of contact angle might be ascribed for the further decrease in the HRs of ZrO2-filled PEEK coatings, which are in agreement with previous literature [48,49].



The PRT, an indicator of the intrinsic coagulation cascade activation, was measured to further study the blood compatibility of those PEEK based coatings. It is reported that the ZrO2 particles showed less toxicity and higher antioxidant activity in nano form than their micron counterpart [50], suggesting the excellent biocompatibility of ZrO2 as a kind of introduced particles in polymeric matrix. As can be found in Figure 5, the PRT of S4 is the highest (144.0 s), which is significantly different with that of blank control, suggesting that the blood-clotting factors are more difficultly activated on the surface of 10 wt % ZrO2-filled PEEK coating [51]. Yahapour et al. [52] found a reduction in thrombin generation on titanium and glass surfaces with hydrophilic modifications compared to hydrophobic coatings. Owing to the improved wettability and increasing surface roughness, the thrombin generation and cell adhesion of S4 and S5 are decreased, prolonging the PRTs in comparison with that of blank control.



Based on the results presented above, it is clear that the blood compatibility of PEEK based coatings are prominent. However, for the real time application of these coatings on the biomedical Ti6Al4V material, the long-term in vivo tests on the biocompatibility using rats and/or mice need to be performed and analyzed.




5. Conclusions


The blood compatibility of these ZrO2 particle reinforced PEEK coatings was evaluated using erythrocytes observation, hemolysis assays and thrombus formation analysis. According to the results of this study, the addition of ZrO2 nanoparticles increased the surface roughness and improved the wettability and DMT elastic modulus of PEEK coating. Under comprehensive investigations in the present study, 10 wt % ZrO2 particle reinforced PEEK coating has demonstrated an optimum blood compatibility, which has a great potential in the medical application of PEEK composite coatings on titanium alloy.







Acknowledgments


The work was financially supported by the National Key Research and Development Program of China (Grant No. 2016YFC1101803), the National Natural Science Foundation of China (Grant No. 51522504), the Industry Public Technology Service Platform Fund of Shenzhen (Grant No. SMJKPT20140417010001), the Subject Arrangement for the Key Basic Research Program of Shenzhen (Grant No. JCYJ20151030160526024) and the Program for New Century Excellent Talents in University (Grant No. NCET-12-0805).




Author Contributions


J. Song conducted the experiments and finished the main manuscript. Y. Liu, X. Mu, and W. Liu provided the funding and material support as well as study supervision. All authors contributed to the analysis and discussion of the data, reviewed the manuscript and have given approval to the final version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Andersen, O.Z.; Offermanns, V.; Sillassen, M.; Almtoft, K.P.; Andersen, I.H.; Sørensen, S.; Jeppesen, C.S.; Kraft, D.C.; Bøttiger, J.; Rasse, M. Accelerated bone ingrowth by local delivery of strontium from surface functionalized titanium implants. Biomaterials 2013, 34, 5883–5890. [Google Scholar] [CrossRef] [PubMed]

	2. 
Yang, Y.; Lai, Y.; Zhang, Q.; Wu, K.; Zhang, L.; Lin, C.; Tang, P. A novel electrochemical strategy for improving blood compatibility of titanium-based biomaterials. Colloids Surf. B Biointerfaces 2010, 79, 309–313. [Google Scholar] [CrossRef] [PubMed]

	3. 
Xue, L.; Greisler, H.P. Biomaterials in the development and future of vascular grafts. J. Vasc. Surg. 2003, 37, 472–480. [Google Scholar] [CrossRef] [PubMed]

	4. 
Hong, J.; Andersson, J.; Ekdahl, K.N.; Elgue, G.; Axén, N.; Larsson, R.; Nilsson, B. Titanium is a highly thrombogenic biomaterial: Possible implications for osteogenesis. Thromb. Haemost. 1999, 82, 58–64. [Google Scholar] [PubMed]

	5. 
Faghihi, S.; Li, D.; Szpunar, J.A. Tribocorrosion behaviour of nanostructured titanium substrates processed by high-pressure torsion. Nanotechnology 2010, 2, 485703. [Google Scholar] [CrossRef] [PubMed]

	6. 
Liu, X.; Chu, P.K.; Ding, C. Surface modification of titanium, titanium alloys, and related materials for biomedical applications. Mater. Sci. Eng. R Rep. 2004, 47, 49–121. [Google Scholar] [CrossRef]

	7. 
Hauert, R. A review of modified DLC coatings for biological applications. Diam. Relat. Mater. 2003, 12, 583–589. [Google Scholar] [CrossRef]

	8. 
Tsyganov, I.; Maitz, M.F.; Wieser, E.; Richter, E.; Reuther, H. Correlation between blood compatibility and physical surface properties of titanium-based coatings. Surf. Coat. Technol. 2005, 200, 1041–1044. [Google Scholar] [CrossRef]

	9. 
Panjwani, B.; Satyanarayana, N.; Sinha, S.K. Tribological characterization of a biocompatible thin film of UHMWPE on Ti6Al4V and the effects of PFPE as top lubricating layer. J. Mech. Behav. Biomed. Mater. 2011, 4, 953–960. [Google Scholar] [CrossRef] [PubMed]

	10. 
Zhang, C.; Liu, Y.; Wen, S.; Wang, S. Poly(vinylphosphonic acid) (PVPA) on Titanium Alloy Acting as Effective Cartilage-like Superlubricity Coatings. ACS Appl. Mater. Interfaces 2014, 6, 17571–17578. [Google Scholar] [CrossRef] [PubMed]

	11. 
Luo, Y.; Ge, S.; Jin, Z.; Fisher, J. Effect of surface modification on surface properties and tribological behaviours of titanium alloys. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2009, 223, 311–316. [Google Scholar] [CrossRef]

	12. 
Song, J.; Liu, Y.H.; Wang, S.; Liao, Z.H.; Liu, W.Q. Study on the wettability and tribological behaviors of glass fiber reinforced poly (ether-ether-ketone) against different polymers as bearing materials for artificial cervical disc. Biotribology 2015, 4, 18–29. [Google Scholar] [CrossRef]

	13. 
Song, J.; Liao, Z.; Shi, H.; Xiang, D.; Liu, Y.; Liu, W.; Peng, Z. Fretting Wear Study of PEEK-Based Composites for Bio-implant Application. Tribol. Lett. 2017, 65, 150. [Google Scholar] [CrossRef]

	14. 
Devine, D.M.; Hahn, J.; Richards, R.G.; Gruner, H.; Wieling, R.; Pearce, S.G. Coating of carbon fiber-reinforced polyetheretherketone implants with titanium to improve bone apposition. J. Biomed. Mater. Res. Part B Appl. Biomater. 2013, 101, 591–598. [Google Scholar] [CrossRef] [PubMed]

	15. 
Monich, P.R.; Henriques, B.; de Oliveira, A.P.N.; Souza, J.C.; Fredel, M.C. Mechanical and biological behavior of biomedical PEEK matrix composites: A focused review. Mater. Lett. 2016, 185, 593–597. [Google Scholar] [CrossRef]

	16. 
Song, J.; Liu, Y.; Liao, Z.; Wang, S.; Tyagi, R.; Liu, W. Wear studies on ZrO2-filled PEEK as coating bearing materials for artificial cervical discs of Ti6Al4V. Mater. Sci. Eng. C 2016, 69, 985–994. [Google Scholar] [CrossRef] [PubMed]

	17. 
Ishihara, K.; Fukumoto, K.; Iwasaki, Y.; Nakabayashi, N. Modification of polysulfone with phospholipid polymer for improvement of the blood compatibility. Part 1. Surface characterization. Biomaterials 1999, 20, 1545–1551. [Google Scholar] [CrossRef]

	18. 
Jun, L.; Xing, H.J.; Wu, M.F.; Zhu, Q.S.; Yang, X.Y. Comparison of blood compatibility between carbon fibers reinforced polyetheretherketone and titanium alloy. J. Clin. Rehabil. Tissue Eng. Res. 2009, 13, 1455–1458. [Google Scholar]

	19. 
Kawasaki, Y.; Iwasaki, Y. Surface modification of poly (ether ether ketone) with methacryloyl-functionalized phospholipid polymers via self-initiation graft polymerization. J. Biomater. Sci. Polym. Ed. 2014, 25, 895–906. [Google Scholar] [CrossRef] [PubMed]

	20. 
Nunez, E.E.; Yeo, S.M.; Polychronopoulou, K.; Polycarpou, A.A. Tribological study of high bearing blended polymer-based coatings for air-conditioning and refrigeration compressors. Surf. Coat. Technol. 2011, 205, 2994–3005. [Google Scholar] [CrossRef]

	21. 
Song, J.; Liao, Z.; Wang, S.; Liu, Y.; Liu, W.; Tyagi, R. Study on the Tribological Behaviors of Different PEEK Composite Coatings for Use as Artificial Cervical Disk Materials. J. Mater. Eng. Perform. 2016, 25, 116–129. [Google Scholar] [CrossRef]

	22. 
Wang, S.; Song, J.; Liao, Z.; Liu, Y.; Zhang, C.; Liu, W. Study on the Wettability and Tribological Behavior of Different Polymers as Bearing Materials for Cervical Prosthesis. J. Mater. Eng. Perform. 2015, 24, 1–13. [Google Scholar] [CrossRef]

	23. 
Bober, P.; Liu, J.; Mikkonen, K.S.; Ihalainen, P.; Pesonen, M.; Plumed-Ferrer, C.; von Wright, A.; Lindfors, T.; Xu, C.; Latonen, R. Biocomposites of nanofibrillated cellulose, polypyrrole, and silver nanoparticles with electroconductive and antimicrobial properties. Biomacromolecules 2014, 15, 3655–3663. [Google Scholar] [CrossRef] [PubMed]

	24. 
Fitch, D.A.; Hoffmeister, B.K.; de Ana, J. Ultrasonic evaluation of polyether ether ketone and carbon fiber-reinforced PEEK. J. Mater. Sci. 2010, 45, 3768–3777. [Google Scholar] [CrossRef]

	25. 
Feyerabend, F.; Wendel, H.; Mihailova, B.; Heidrich, S.; Agha, N.A.; Bismayer, U.; Willumeit-Römer, R. Blood compatibility of magnesium and its alloys. Acta Biomater. 2015, 25, 384–394. [Google Scholar] [CrossRef] [PubMed]

	26. 
Kainthan, R.K.; Gnanamani, M.; Ganguli, M.; Ghosh, T.; Brooks, D.E.; Maiti, S.; Kizhakkedathu, J.N. Blood compatibility of novel water soluble hyperbranched polyglycerol-based multivalent cationic polymers and their interaction with DNA. Biomaterials 2006, 27, 5377–5390. [Google Scholar] [CrossRef] [PubMed]

	27. 
Li, Y.; Wang, Y.; Ye, J.; Yuan, J.; Xiao, Y. Fabrication of poly (ε-caprolactone)/keratin nanofibrous mats as a potential scaffold for vascular tissue engineering. Mater. Sci. Eng. C 2016, 68, 177–183. [Google Scholar] [CrossRef] [PubMed]

	28. 
Zhang, E.; Shen, F. Blood compatibility of a ferulic acid (FA)-eluting PHBHHx system for biodegradable magnesium stent application. Mater. Sci. Eng. C 2015, 52, 37–45. [Google Scholar] [CrossRef] [PubMed]

	29. 
Andrea, G.D.; Terrazzino, S.; Leon, A.; Fortin, D.; Perini, F.; Granella, F.; Bussone, G. Elevated levels of circulating trace amines in primary headaches. Neurol 2004, 62, 1701–1705. [Google Scholar] [CrossRef]

	30. 
Sagnella, S.; Mai-Ngam, K. Chitosan based surfactant polymers designed to improve blood compatibility on biomaterials. Colloids Surf. B Biointerfaces 2005, 42, 147–155. [Google Scholar] [CrossRef] [PubMed]

	31. 
Liu, J.; Yang, D.; Shi, F.; Cai, Y. Sol–gel deposited TiO2 film on NiTi surgical alloy for biocompatibility improvement. Thin Solid Films 2003, 429, 225–230. [Google Scholar] [CrossRef]

	32. 
Jordan, J.; Jacob, K.I.; Tannenbaum, R.; Sharaf, M.A.; Jasiuk, I. Experimental trends in polymer nanocomposites—A review. Mater. Sci. Eng. A 2005, 393, 1–11. [Google Scholar] [CrossRef]

	33. 
Katti, K.S. Biomaterials in total joint replacement. Colloids Surf. B Biointerfaces 2004, 39, 133–142. [Google Scholar] [CrossRef] [PubMed]

	34. 
Song, L.; Zhang, H.; Zhang, Z.; Xie, S. Processing and performance improvements of SWNT paper reinforced PEEK nanocomposites. Compos. Part A Appl. Sci. Manuf. 2007, 38, 388–392. [Google Scholar] [CrossRef]

	35. 
Zoidis, P.; Papathanasiou, I. Modified PEEK resin-bonded fixed dental prosthesis as an interim restoration after implant placement. J. Prosthet. Dent. 2016, 116, 637–641. [Google Scholar] [CrossRef] [PubMed]

	36. 
Xu, L.; Siedlecki, C.A. Effects of surface wettability and contact time on protein adhesion to biomaterial surfaces. Biomaterials 2007, 28, 3273–3283. [Google Scholar] [CrossRef] [PubMed]

	37. 
Rochford, E.; Poulsson, A.; Varela, J.S.; Lezuo, P.; Richards, R.G.; Moriarty, T.F. Bacterial adhesion to orthopaedic implant materials and a novel oxygen plasma modified PEEK surface. Colloids Surf. B Biointerfaces 2014, 113, 213–222. [Google Scholar] [CrossRef] [PubMed]

	38. 
He, Z.; Shi, Z.; Sun, W.; Ma, J.; Xia, J.; Zhang, X.; Chen, W.; Huang, J. Hemocompatibility of folic-acid-conjugated amphiphilic PEG-PLGA copolymer nanoparticles for co-delivery of cisplatin and paclitaxel: Treatment effects for non-small-cell lung cancer. Tumor Biol. 2016, 37, 7809–7821. [Google Scholar] [CrossRef] [PubMed]

	39. 
Zhang, E.; Yin, D.; Xu, L.; Yang, L.; Yang, K. Microstructure, mechanical and corrosion properties and biocompatibility of Mg–Zn–Mn alloys for biomedical application. Mater. Sci. Eng. C 2009, 29, 987–993. [Google Scholar] [CrossRef]

	40. 
Panaitescu, D.M.; Frone, A.N.; Nicolae, C. Micro-and nano-mechanical characterization of polyamide 11 and its composites containing cellulose nanofibers. Eur. Polym. J. 2013, 49, 3857–3866. [Google Scholar] [CrossRef]

	41. 
Hansson, K.M.; Tosatti, S.; Isaksson, J.; Wetterö, J.; Textor, M.; Lindahl, T.L.; Tengvall, P. Whole blood coagulation on protein adsorption-resistant PEG and peptide functionalised PEG-coated titanium surfaces. Biomaterials 2005, 26, 861–872. [Google Scholar] [CrossRef] [PubMed]

	42. 
Kainthan, R.K.; Hester, S.R.; Levin, E.; Devine, D.V.; Brooks, D.E. In vitro biological evaluation of high molecular weight hyperbranched polyglycerols. Biomaterials 2007, 28, 4581–4590. [Google Scholar] [CrossRef] [PubMed]

	43. 
Zhang, Q.; Liao, J.; Shi, X.; Qiu, Y.; Chen, H. Surface biocompatible construction of polyurethane by heparinization. J. Polym. Res. 2015, 22, 1–12. [Google Scholar] [CrossRef]

	44. 
Zhao, J.; Chen, Y.; Yang, S.; Wu, S.; Zeng, R.; Wu, H.; Zhang, J.; Zha, Z.; Tu, M. Improving blood-compatibility via surface heparin-immobilization based on a liquid crystalline matrix. Mater. Sci. Eng. C 2016, 58, 133–141. [Google Scholar] [CrossRef] [PubMed]

	45. 
Zhang, Q.; Liu, Y.; Chen, K.C.; Zhang, G.; Shi, X.; Chen, H. Surface biocompatible modification of polyurethane by entrapment of a macromolecular modifier. Colloids Surf. B Biointerfaces 2013, 102, 354–360. [Google Scholar] [CrossRef] [PubMed]

	46. 
Zhang, E.; Chen, H.; Shen, F. Biocorrosion properties and blood and cell compatibility of pure iron as a biodegradable biomaterial. J. Mater. Sci. Mater. Med. 2010, 21, 2151–2163. [Google Scholar] [CrossRef] [PubMed]

	47. 
Jiang, J.Y.; Xu, J.L.; Liu, Z.H.; Deng, L.; Sun, B.; Liu, S.D.; Wang, L.; Liu, H.Y. Preparation, corrosion resistance and hemocompatibility of the superhydrophobic TiO2 coatings on biomedical Ti-6Al-4V alloys. Appl. Surf. Sci. 2015, 347, 591–595. [Google Scholar] [CrossRef]

	48. 
Chu, C.L.; Wang, R.M.; Yin, L.H.; Pu, Y.P.; Lin, P.H.; Dong, Y.S.; Chung, C.Y.; Yeung, K.; Chu, P.K. Effects of anodic oxidation in H2SO4 electrolyte on the biocompatibility of NiTi shape memory alloy. Mater. Lett. 2008, 62, 3512–3514. [Google Scholar] [CrossRef]

	49. 
Polaschegg, H.D. Red blood cell damage from extracorporeal circulation in hemodialysis. Semin. Dial. 2009, 22, 524–531. [Google Scholar] [CrossRef] [PubMed]

	50. 
Karunakaran, G.; Suriyaprabha, R.; Manivasakan, P.; Yuvakkumar, R.; Rajendran, V.; Kannan, N. Screening of in vitro cytotoxicity, antioxidant potential and bioactivity of nano-and micro-ZrO2 and-TiO2 particles. Ecotoxicol. Environ. Saf. 2013, 93, 191–197. [Google Scholar] [CrossRef] [PubMed]

	51. 
Chen, Y.; Liu, P. Surface modification of polyethylene by plasma pretreatment and UV-induced graft polymerization for improvement of antithrombogenicity. J. Appl. Polym. Sci. 2004, 93, 2014–2018. [Google Scholar] [CrossRef]

	52. 
Yahyapour, N.; Eriksson, C.; Malmberg, P.; Nygren, H. Thrombin, kallikrein and complement C5b-9 adsorption on hydrophilic and hydrophobic titanium and glass after short time exposure to whole blood. Biomaterials 2004, 25, 3171–3176. [Google Scholar] [CrossRef] [PubMed]



















© 2017 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 (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  polymers-09-00589


  
    		
      polymers-09-00589
    


  




  





media/file8.jpg
08

<
s

b o~
S S
% ‘UH ‘solel sisiowsH

]
3

02

S5

s3

s2

s1





media/file11.png
8888888

3. won h < <~ <

S ‘1 ¥d ‘ewn uoneoinesal ewse






media/file1.png
edo ‘3 ‘sninpow olise|J

0 = 0 = 0 <
<r <r o o N AN
| | | |
- 1 O -

\
\
\
\
\
\
— D nU— —
\
\

=

C ©
- aDI _H_ —

o O

e

2

c S

hl

o) 2

=5 O
E Om i

—

O

0 =

Tt

»n L

|
| 0o o i

L

] | ] ] _zfzf_ |
O o o o o o o - o
L0 o L - g - o Lo
M~ M~ O O Lo Lo —
Wwu ‘BYy ‘ssauybnos aoelins

S5

S4

S3

S2

S1





media/file10.jpg
180

8
2ol

110[eoa) ewse|d

$5

s2 s3

s1

Control





media/file5.jpg





media/file7.png
s E:Lc - (*I*)
0.
¢ ﬂ) (Y)

A ?p (%) (%)

e O
() 0.9
©

(*)

o ) - ’)
( w'u 9 : (\ \ (‘\(1(\ 9
& O 9 9 2 ® &0 ) C
‘ L
.\ * e 2 i OO
(\/.\ (' .\ . 6{.‘ m \ ( )
L e = s
%) \»\\N'\ ) (Y ™ X% () .
<% oY) SO Cx & €
() (.\fo\ { v 4 g
/.'(:\ N e A O i« |
- ~ 2N 2 “.) (;)
C) N . P 5 - (') O
> (%) =
By 4 - k.
) ) 2 ¢ A
- '. - / 3 . bl .
) — g ') y P\ ¢ / s %) 4
N C ; 4 ‘ : :
g : < .o- — e ¢
.‘ - - - > - ‘. ,‘. \ ‘
.“" :} . '/ o '-:/ - - / v < ~ ,:J ,.J\
v ’ /.'/ g P oL O b
: / L) . < ;
- J "ot o) - ¢ 7 ¢
D ¢ X C C . T2t ) ' ;
e " o . v ‘)’?) ,»J’“./) OO @ "
- '/ 5 / € - ’j / -y D J ”:\ J @ ,B
o} /c .J £ Vi Cw ’/: r: -)
() - .) I Sl o " s %\ V)
s - —: w7 b re < ?: . y (% ¢
. ‘L ‘r\ ', J o -
- /‘/ ./ 4'.) r\: ? %)
i " o/ " Ve - ./ '/ / -~ f‘;@ ,\,-‘\ ;-2 o~ ,t:/ 2 y f‘»{
S\ . y - - - ‘ ‘ =
s / J f) v < oV 'S s 4 ~
- -






media/file9.png
AN

DN

N\
/

\

AN

N\

_ N\

0.8

0.6

%

]
< N
o o
“YH ‘sajel sisAjowsH

l
Q
o

-0.2

S5

S4

S3

S2

S1





media/file12.png





media/file3.png
a //////WM
| ////////////
| /////m

nU nU nU nU nU (-
b 1






media/file4.jpg
9 g
o

S e

o O e
&'
oy O N

oval®






media/file6.png
(a
(2) B Qe 9.
o *) T Q @ 4 D %)
| *) . - (‘1»'
9 ((:\ CHEY O
m t‘.\ o"\ (;\ ) ’
) G , (%) ®) -
(“\m G N (.\ m@ =) y '.\ _\
'Q OO ( / o U )
)65 2 & (O (%) y ' ™)
X % QY - 9 & (%) ¢ £
) 95 - C &S Ve % (%) %) *)
(‘\ ~' \/-n N (;<. ’\ﬂ -
CIEERCE FEREY & 0O0m.m, O] ™ ¢
PLS@ e R eI S 2% (s Dy O ®
> ('\(L:" o 0 Qs Q@ ’-qf_) v B ay. ® & ®
PNl NS @ G m O ) &S 6 =
— (=N EN ’ N (;)" ) ‘ Q' -
2 & a® @ OO =
af"\’






media/file0.jpg
45

e

©d9 '3 ‘sninpow onse|3
© o

- @

0

20

—o— surface roughness, Ra, nm
o Elastic modulus, E, GPa

©

o

750

700 -

8 8 8
g g 8
W ey ‘sseuybnos soepn

8 88

s

s5

s4

83

52

s1





media/file2.jpg
ol

10

100 1

s 3
8 8

0 ‘ajbue joeU0D

=

3
8

s3

s2

s1





