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Abstract

:

As a new type of biodegradable implant material, zinc matrix composites have excellent potential in the application of biodegradable implants because of their better corrosion resistance than magnesium matrix materials. Our previous studies have shown that graphene nanosheet reinforced zinc matrix composites (Zn-GNS) prepared by spark plasma sintering (SPS) have good mechanical properties and suitable degradation rate. However, the biocompatibility of zinc matrix composites is still a problem of concern. The cytocompatibility and blood compatibility of pure zinc and Zn-GNS composites in vitro were studied. The results showed that Zn-GNS composites had acceptable toxicity to MG-63 human osteosarcoma cells. In addition, the hemolysis rate of pure zinc and its composites were less than 3%, which has no adverse effect on adhered platelets, and has good antithrombotic and antiadhesion platelets properties. In conclusion, the addition of GNS did not adversely affect the biocompatibility of Zn-GNS composites, which indicated that Zn-GNS composites are a promising candidate for bone implantation.
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1. Introduction


Zinc matrix materials have been considered as potential biodegradable implant materials due to their good biocompatibility [1,2,3,4,5,6] and suitable corrosion properties [1,5,6,7]. In addition, zinc is one of the essential trace elements for human body. It participates in the synthesis of most enzymes in the body and plays a vital role in important physiological processes such as human growth and development, reproductive genetics, immune endocrine etc., [8,9]. More importantly, zinc plays an important role in stimulating the proliferation of osteoblasts and preserving bone mass [10,11,12]. However, as-cast pure zinc has poor mechanical properties, with tensile strength of about 20 MPa and elongation of about 0.2% [13], which is far from reaching the strength requirements as orthopedic implant material (the tensile strength is greater than 200 MPa, The elongation is greater than 10% [14]). Alloying is one of the main methods to improve the mechanical strength of zinc alloys. For example, Tang et al. [15]. added 1 wt% Mg to Zn-3Cu alloy, and the yield strength of the alloy increased from 213.7 MPa to 426.7 MPa, but the fracture elongation decreased rapidly from 47.1% to 0.9%. Li et al. [16]. reported that the addition of alloying elements Mg, Ca, and Sr can significantly improve the tensile strength of zinc alloys, but the elongation is poor (less than 10%). The above studies show that although alloying improves the strength of zinc alloys, the plasticity will be greatly reduced, which limits the application of the material. In view of this, nano reinforced materials have received increasing attention in improving the mechanical properties of Zn matrix composites.



Graphene nanosheets (GNS) are composed of a small number of graphene sheets bonded together by van der Waals force and covalent bonds of adjacent carbon atoms which have excellent mechanical strength (130 GPa) and shows good biocompatibility in contact with blood [17,18]. The reduction of GO into RGO reduces the water dispersibility due to fewer oxygen-containing functional groups, thereby stabilizing GO in the body and minimizing its possible cytotoxicity [19,20]. Generally, the biosafety and stability of RGO is superior to that of GO in vivo [20]. However, RGO lacks functional or biochemical groups that might stimulate osteogenesis [21]. GNPs are mostly biodegraded in the physiological environments may occur via enzymatic oxidation by peroxidase [22]. Furthermore, its large surface areas can facilitate the binding of biomolecules on the surface, enhancing its ability to interact with the surrounding environment [23,24]. Several studies have shown that GNPs is biocompatible. For example, Munir et al. [25] reported magnesium-graphene nanosheets (Mg-GNPs) composites and found that the addition of GNPs could significantly improve the viability of SaOS2 cells. Similarly, Saberi et al. [26] reported that lower concentrations (0.5–1 wt%) of GNPs did not produce any toxic response to the Mg-GNPs composite and instead led to the adhesion and proliferation of MG-63 cells.



Our group has studied the mechanical properties and in vitro biodegradability of rolled Zn-GNS composites [27]. When the GNS content was 0.7 wt%, its tensile strength, elongation, and degradation rates were 254 MPa, 16.7%, and 301 μm/a, respectively, which fully meets the standards of biodegradable metal implants. In addition, Zn-GNS composites as a biodegradable implant material must be tested for its possible adverse effects to cell growth. However, the biocompatibility of Zn-GNS composites was not studied in previous papers. Therefore, in this study, we studied the in vitro biocompatibility of Zn-GNS composites through cytotoxicity test, hemolysis rate test and activated partial thromboplastin time test, and contact angle test.




2. Materials and Methods


2.1. Material Preparation


Zinc powder with an average grain size of 5 µm (99.5% purity) (Beijing Zhongnuo New Material Technology Co., Ltd., Beijing, China) and GNS with a thickness of 1–3 layers (0.686–1.054 nm) (Shenzhen Zhongsen Linghang Technology Co., Ltd., Shenzhen, China) as the raw material. Pure zinc and Zn-xGNS (x = 0.3 and 0.7 wt%) composites were prepared by powder metallurgy. The detailed preparation process has been described in our previous study [26]. In short, GNS was modified by sodium dodecyl sulfate (SDS) surfactant, and then the modified GNS and zinc powder were ball milled at 300 r/min for 6 h in planet ball mill (QM-3SP2), and absolute ethanol was added as a control agent. After ball milling, the uniformly mixed powder was dried in vacuum for 8 h, and then sintered by spark plasma sintering (SPS-625HF) under the process of sintering temperature of 340 °C, sintering pressure of 45 MPa and holding time of 10 min. The size of the sample was Φ 60 mm × 7 mm cylindrical material. Then, the mechanical properties of the material are improved by multi-pass hot deformation rolling process. Pure Zn prepared under the same process was used as a control.




2.2. Extraction Preparation


A block sample with a size of 0.5 cm × 0.5 cm × 0.1 cm was cut by electrical discharge machining to study the biocompatibility. The sample was sterilized under high temperature and high pressure at 121 °C for 20 min. The extract was prepared according to ISO10993-5:2009 [28]. The sample was immersed in MEM medium (10% fetal bovine serum) with a ratio of 1.25 cm2/mL for 24 h at 37 °C, and filtered by a 0.22 um microporous membrane. The extract was then diluted with concentrations of 5%, 10%, and 15% for the following tests.




2.3. Cell Viability Test


The cytocompatibility of biomaterials can be better distinguished by selecting appropriate cell types for cytotoxicity evaluation according to the application sites of medical devices. In this paper, the Zn-GNS composites is a medical material used in orthopedic implant, which must be in contact with bone cells when implanted into the bone environment, and MG-63 cells are human osteosarcoma cells. Therefore, MG-63 cells were selected for cytotoxicity test in this study. Previous studies reported that most zinc matrix biodegradable materials also selected MG-63 cells for cell viability testing [29,30,31]. First, MG-63 cells were seeded in 96-well plates at a density of 4 × 104 cells/well and cultured until the cells adhered, then the diluted extract was used to replace the culture medium, and the culture plate was cultured at 37 °C in a humidified atmosphere of 5% CO2. After 24 h, 48 h, and 72 h, 100 μL of CCK-8 solution was added to each well and cultured for 2 h. Normally cultured cells were used as the control group. The absorbance (OD value) at 450 nm was detected by microplate reader (TECAN, SPARK 10 M). The calculation of relative growth rate is as follows:


  RGR  %  =   O  D  s a m p l e   − O  D  b l a n k       O  D  C o n t r o l   − O  D  b l a n k     × 100 %  



(1)







Live/dead staining experiments were performed on MG-63 cells co-cultured with 5% extract at different times. Calcein-AM and propidium iodide staining solution were added to the well plate and incubated for 15 min in the dark. The cells were washed in the well plate with PBS to remove excess serum. The cell morphology was observed with a confocal microscope (Olympus, Tokyo, Japan, FV1200).




2.4. Hemolysis Test


The blood of healthy volunteers was added with 3.2% sodium citrate anticoagulant and the blood was diluted to obtain red blood cell suspension. The prepared extract (5% and 10%) was added to a centrifuge tube containing 0.2 mL red blood cell suspension, incubated at 37 °C for 60 min and centrifuged for 5 min. Deionized water and normal saline were used for the positive and negative control groups, respectively. About 0.2 mL of the supernatant was transferred to a 96-well plate, then the absorbance (OD value) was measured by a microplate reader (TECAN, SPARK 10 M) at a wavelength of 545 nm. Three parallel experiments were performed on each sample. The hemolysis rate of the sample is calculated according to the following formula:


   Hemolysis     %  =    D t  −  D  n c      D  p c   −  D  n c     × 100 %  



(2)







Among them, Dt is the absorbance of the experimental sample; Dnc is the absorbance of the negative control group; Dpc is the absorbance of the positive control group.




2.5. Platelet Adhesion Test


A total of 36 uL of platelet-rich plasma prepared by hemolysis test and 4 uL of extract with a concentration of 5% were taken in a centrifuge tube, and incubated at 37 °C for 30 min. Then 10 uL of platelet-rich plasma drop was placed on the surface of a clean glass slide for 60 min. Then, the poorly adhered platelets were washed with normal saline several times, and the adhered platelets were fixed with 4% paraformaldehyde dropwise at room temperature for 10 min. After this time, rinse three times with normal saline, rinse 1 time with distilled water, and dry them naturally. The morphology of the adhered platelets on the glass surface was observed by laser three-dimensional microscopic imaging system (VK-150K, Japan Keyence, Osaka, Japan). The same volume of platelet rich plasma and normal saline was added as the control.




2.6. Coagulation Time


The anticoagulated whole blood was centrifuged at 3000 rpm for 10 min to collect upper platelet poor plasma (PPP). A total of 360 uL of the above prepared plasma and 40 uL of the extract with a concentration of 5% were taken in a 15 mL centrifuge tube, and allowed to sit at 37 °C for 30 min. The APTT value was measured by an automatic coagulation analyzer (CS-5100, USA Sysmex, Baltimore, MD, USA). About 360 uL of platelet poor plasma was added to 40 uL of normal saline as the experimental control.




2.7. Contact Angle Measurement


At room temperature, a contact angle goniometer (JC2000D1) was used to measure the contact angle of pure Zn and Zn-GNS composites. A micro syringe was used to evenly drop 2 mL of the simulated body fluid (SBF) onto the surface of the material. After that, an image of the droplet is captured. For the average value, each specimen was measured three times.





3. Results and Discussion


3.1. Cytotoxicity of Zinc-Based Composites


Figure 1a shows the relative activity of human osteosarcoma MG-63 cells cultured in 5%, 10%, and 15% extracts of pure Zn and Zn-GNS composites for 24 h, 48 h, and 72 h, respectively. The results showed that the concentration of the extract affected the relative activity of the cells. It can be observed that the relative activity of cells in 5% and 10% concentration of pure Zn and Zn-GNS composites extract is greater than 90%, and even the proliferation rate is higher than 100% which promotes the growth and division of cells. According to ISO10993-5-2009 cytotoxicity evaluation standard (RGR > 75%), it shows good biocompatibility. Saberi et al. [26] reported the biological properties of graphene nano-platelet reinforced magnesium matrix composites (Mg-xGNP (x = 0.5, 0.1 wt%)). Compared with pure magnesium, the addition of GNP can significantly improve the cell viability and adhesion of the composite to MG-63 cells, and promote the osteogenic differentiation of MG-63 cells. It shows that the addition of GNS does not adversely affect the cytocompatibility. The 15% extract had a certain inhibitory effect on cell survival, which may be attributed to the high concentration of zinc ions in the extract. This has been reported by Murni [32]. In addition, Wang et al. [33] believed that due to the huge difference between in vitro and in vivo conditions, the differences in sensitivities of cells to in vitro and in vivo degradable ions and the capability of in vivo circulation system to dilute local degradation products were fully considered in the study of in vitro cytotoxicity test. It was suggested to use the extract diluted 6 to 10 times to test biodegradable metals. On the other hand, according to our previous research results, the degradation rates of Zn-xGNS composites are 0.201 and 0.301 mm/a, respectively. Taking the boundary dimension of a medical PLLA screw into consideration, its surface area is approximately 2.0 cm2 [34]; the zinc ion release rates of Zn-GNS composites screws with the same surface area were 0.772 and 1.152 mg/d, respectively. It is far lower than the daily intake of zinc in healthy adults (15–40 mg/d) [35]. Therefore, the biosafety of Zn-GNS composites will be guaranteed.



Figure 1b shows the fluorescence images of MG-63 cells cultured in 5% extract of Zn-GNS composites for 24 h, 48 h, and 72 h respectively. It can be seen that the morphology of living cells is mostly long spindle, rhombic, and polygonal, and the number of live cells is larger than that of dead. After 72 h of culture, the number of living cells increases significantly, even became crowded in the field of view, and the number of dead cells does not change significantly. Compared with the cell morphology and cell number of the control group, it can be shown that MG-63 cells can grow on the surface of the Zn-GNS composites, and Zn-GNS composites have excellent cytocompatibility. This result further verified the above cytotoxicity experiment.




3.2. Blood Compatibility of Zinc Matrix Composites


3.2.1. Hemolysis Rate


The three-dimensional platelets adhesion morphology of pure zinc and Zn-GNS composites are shown in Figure 2a. In contrast to the control group, most platelets adhered on pure zinc were round, without pseudopodia spreading and in an inactive state. It can be seen that pure zinc had no procoagulant effect after contacting blood. However, a small amount of pseudopodia protruding from the platelets on the surface of the Zn-GNS composites can be seen. It is worth noting that platelets adhere to all samples in a homogeneous way without aggregation. The results of the statistical analysis of the number of platelets adhered to the surface are shown in Figure 2b. The addition of GNS will not increase the number of platelets adhered to the surface. These results indicate that pure zinc and its composites have good antithrombotic and antiadhesion platelets properties.



The hemolysis rate of biomaterials in direct contact with blood must be less than 5% [6]. According to the hemolysis rate, materials can be divided into three different categories: materials with a hemolysis rate of more than 5% are hemolytic materials, between 2% and 5% are lightly hemolytic materials, and less than 2% are non-hemolytic materials. The percentage of hemolysis rate of pure zinc and Zn-GNS composites is showed in Figure 2c. The results showed that pure Zn and Zn-GNS composites were nonhemolytic with the hemolysis rate of less than 3%, suggesting a low risk of hemolysis. Therefore, pure zinc and Zn-GNS composites show good blood compatibility and can meet the requirements of biomaterials for hemolysis rate.




3.2.2. Coagulation Time


Activated partial thromboplastin time (APTT) is an important parameter for clinical blood tests and safety evaluation of biomaterials [36,37]. The effect of pure zinc and Zn-GNS composites on APTT are shown in Figure 3. Compared with the control group, the APTT of pure zinc and Zn-GNS composites has no significant change, indicating that all samples have better blood compatibility, which is consistent with the hemolysis test results. It has been reported that zinc alloy can prolong the activated partial thromboplastin time in vitro [38]. A similar phenomenon was also reported by Yang HT [10]. They studied the blood compatibility of Zn-xHA (0, 1, 5, 10 wt%) composites, and the results in terms of coagulation time showed that the APTT of Zn-10HA composites was prolonged from 37.37 s for the control to 58.15 s due to the higher zinc ion concentration. However, whether the APTT is dependent on zinc ion concentration needs to be further investigated.





3.3. Contact Angle


The wettability test results of pure Zn and Zn-GNS composites are shown in Figure 4. The contact angle of pure zinc is 82.8 ± 2.4° (Figure 4a), which is consistent with the contact angle (87°) of pure zinc prepared by microwave sintering process by Pathak et al. [39]. The contact angles of Zn-0.3GNS and Zn-0.7GNS are 66.4 ± 1.2° and 73 ± 2.9°, respectively. The results show that the addition of GNS will decrease the contact angle of the composites. It has been reported that the presence of oxygen-containing functional groups can improve the hydrophilicity of the composites [40]. GNS have been reported to have a large number of oxygen-containing functional groups in our previous study [27]. Therefore, the addition of GNS improves the hydrophilicity of Zn-GNS composites. However, when the GNS content was 0.7 wt%, the contact angle of the Zn-GNS composites instead increased, probably because of the strong van der Waals (vdW) interactions within the GNS layers promoting the agglomeration or stacking of the GNS layers, and higher concentrations of GNS are not uniformly dispersed in the metal matrix, which increased the contact angle. Solar et al. [41] reported that hydrophilic surfaces are more conducive to cell adhesion, while Li et al. [42] reported that cells tend to adhere to surfaces with a contact angle of about 70°. Therefore, the Zn-GNS composite exhibits better cell adhesion than pure Zn. In addition, the contact angles and hemolysis rates of the Zn-GNS composites fabricated in this study are listed in Table 1 and compared with the Zn-based materials reported in previous studies for biodegradable implant applications. The results showed that the Zn-GNS composites prepared in this study shows better blood compatibility and cell adhesion as compared to other zinc matrix materials.





4. Conclusions


This study analyzed the cell compatibility and blood compatibility of pure zinc and Zn-xGNS (0.3, 0.7 wt%) composites. Cytotoxicity tests showed that the Zn-GNS composites had acceptable toxicity to MG-63 cells. The results of hemocompatibility experiments show that the hemolysis rate of Zn-GNS composites is less than 3%, the platelets adhesion rate was low, and it has good antithrombotic properties. In addition, compared with pure zinc, the Zn-GNS composites have stronger hydrophilicity. Therefore, these research results showed that Zn-GNS composites have good biocompatibility. Zn-GNS composites show great application prospects as a new generation of biodegradable implants, providing a new research direction for the field of biodegradable metals.
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Figure 1. Cytocompatibility of pure Zn and Zn-GNS composites. (a) relative activity of cells; (b) morphology of MG-63 cells cultured in 5% extract for 24 h, 48 h and 72 h. Green represents living cells and red represents dead cells. 
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Figure 2. (a) 3D platelets adhesion morphology, (b) platelets adhesion number, and (c) hemolysis percentage of pure Zn and Zn-GNS composites. 
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Figure 3. Coagulation time of pure Zn and Zn-GNS composites. 
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Figure 4. Contact angle images of (a) pure Zn, (b) Zn-0.3GNS, and (c) Zn-0.7GNS composites. 
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Table 1. Hemolysis rate and contact angle of various zinc matrix materials.
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	Materials
	Contact Angle (°)
	Hemolysis Rate (%)
	Applications
	Ref.





	Zn (SPS + HR)
	82.8 ± 2.4
	1.527 ± 1.130
	Orthopedic implants
	this study



	Zn-0.3GNS(SPS + HR)
	66.4 ± 1.2
	1.493 ± 0.089
	
	



	Zn-0.7GNS(SPS + HR)
	73 ± 2.9
	1.994 ± 0.691
	
	



	Zn (Cast)
	-
	2.083 ± 0.090
	Orthopedic implants
	[38]



	Zn-1Fe (Cast)
	-
	3.750 ± 0.158
	
	



	Zn-2Fe (Cast)
	-
	4.583 ± 0.170
	
	



	Zn-5Fe (Cast)
	-
	17.50 ± 0.613
	
	



	Zn-10Fe (Cast)
	-
	20.83 ± 0.833
	
	



	Zn-1Mg (HR)
	-
	4.01 ± 0.03
	Orthopedic implants
	[30]



	Zn-1Mg-0.1Er (HR)
	-
	4.49 ± 0.09
	
	



	Zn-1Mg-0.1Dy (HR)
	-
	4.21 ± 0.02
	
	



	Zn-1Mg-0.1Ho (HR)
	-
	3.28 ± 0.09
	
	



	Zn (MSP)
	87.3
	-
	Biodegradable implants
	[39]



	Zn-3HA(MSP)
	65.5
	-
	
	



	Zn-3HA-2Fe (MSP)
	77.3
	-
	
	



	Zn-5HA-2Fe (MSP)
	72.7
	-
	
	



	Zn (AC)
	62.4 ± 0.9
	2.44 ± 0.08
	Orthopedic implants
	[2]



	Zn-1Cu-0.1Ti (AC)
	63.7 ± 2.6
	3.62 ± 0.14
	
	



	Zn(Cast)
	-
	0.88 ± 0.07
	Biodegradable implants
	[43]



	Zn-5Ge(Cast)
	-
	0.24 ± 0.1
	
	



	Zn(SPS)
	-
	1.07 ± 0.46
	Orthopedic implants
	[10]



	Zn-1HA(SPS)
	-
	1.24 ± 0.78
	
	



	Zn-5HA(SPS)
	-
	0.63 ± 0.55
	
	



	Zn-10HA(SPS)
	-
	0.69 ± 0.44
	
	



	Zn(HE)
	-
	1.16 ± 0.39
	Cardiovascular stents
	[44]



	Zn-3Cu(HE)
	-
	0.96 ± 0.48
	
	



	Zn-3Cu-0.2Fe(HE)
	-
	1.10 ± 0.25
	
	



	Zn-3Cu-0.5Fe (HE)
	-
	1.21 ± 0.27
	
	







SPS: spark plasma sintering; HR: hot rolling; AC: air cooling; MSP: microwave sintering process; HE: hot extrusion.
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