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Abstract

:

Featured Application


The authors investigated the effects of F-DLC-coated implants on bone union in dogs. Results have implications for the effect of implants on bone formation in human patients.




Abstract


Fluorinated diamond-like carbon (F-DLC) coating is biologically safe, provides superior antibacterial properties, and shows promise in preventing postoperative peri-implant infections. However, potential negative effects of this coating on in vivo bone formation and resorption have not been studied. The authors investigated the effects of F-DLC coatings on bone union in beagle dogs. Seventy-two solid columns of titanium alloy were prepared with equally spaced slits. Half of these columns were coated with F-DLC (Group F), and the others were left uncoated as controls (Group C). Columns were implanted in the femurs of beagle dogs, and in vivo bone formation and resorption were assessed 4, 8, and 12 weeks after implantation. In comparison to Group C, Group F showed significantly greater bone volume and trabecular thickness at Week 8 (p < 0.05) and Week 12 (p < 0.005) and significantly lower bone resorption activity, measured by the ratio of osteoclasts to bone surface and of eroded surface to bone surface, at Week 12 (p < 0.05). The F-DLC coating encouraged bone formation in vivo more effectively than uncoated titanium alloy, suggesting that F-DLC will prove to be a useful coating material for antibacterial intraosseous implants.
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1. Introduction


Recently, orthopedic implant surgeries have become increasingly routine, including artificial joint replacement, spinal instrumentation, and fracture repair. Such procedures can do much to improve the patient’s quality of life, but they are accompanied by the risk of complications. One of the most serious of these is postoperative peri-implant infection, which can occur regardless of patient age. The incidence rate of peri-implant infection is reported at 2.6% to 11.9% for spinal instrumentation surgery [1,2] and 0.2% to 8.5% for implant arthroplasty [3,4,5,6,7,8]. Methods have also been investigated for applying coatings containing silver, gold, iodine, or antibiotics such as gentamycin or vancomycin to the metal surface of an implant, with the aim of preventing peri-implant infection [9,10,11,12,13,14,15,16,17,18].



Diamond-like carbon (DLC) is a general term for carbon thin films that have diamond-like properties, such as high hardness, electrical insulation, and infrared transmission [19]. F-DLC coating with added fluorine has an anticoagulant effect. It is now being used in clinical settings and is expected to have applications in artificial blood vessels and indwelling stents within blood vessels [20]. Yonezawa et al. reported the use of F-DLC coating on the most common titanium alloy in orthopedic implants, for the purpose of suppressing infection around the implant, and noted that this coating provided excellent antibacterial properties and safety levels [21].



Effects on osteogenesis are also a concern. The osteogenesis-inducing effects of DLC coating [22,23,24] are attributable in part to its highly hydrophilic properties. No studies have yet been performed on the effects of the F-DLC coating, which is highly hydrophobic, on either osteogenesis or bone resorption. If the F-DLC coating inhibits bone union, its use in intraosseous implants will be problematic. Therefore, to obtain a better understanding of the risks and benefits of such use, the authors investigated the effects of F-DLC coating on osteogenesis in vivo compared to uncoated titanium alloy.



In addition to these effects on osteogenesis, the slow release of F ions from the F-DLC coating was measured over time. This supplemental experiment was performed to address the potential negative effects of F ions in vivo during long-term use, since fluorine can elicit both direct cytotoxicity and metabolic toxicity and could potentially bond with calcium or magnesium in the body to cause hypocalcemia or hypomagnesemia.




2. Materials and Methods


This study was designed to investigate the effects of F-DLC coated titanium alloy on in vivo osteogenesis and was conducted with the approval of the Animal Research Ethics Review Board at the authors’ institution (Approval No. 2017-65). Twelve beagle dogs (females, 10 months of age, body weight 10 kg) were used. This experiment focused on local bone response rather than systemic response. The experiment used both femurs of each dog to minimize the number of animals used, out of consideration for animal welfare.



Test specimens were of Ti-6Al-4V metal alloy, consisting of 90% titanium, 6% aluminum, and 4% vanadium by mass fraction. The alloy is widely used in bone anchoring implants because of its high bio-affinity. The coating method was as reported by Yonezawa [21]. In this study, the coating was applied in three layers sequentially, using a radiofrequency inductively coupled plasma chemical vapor deposition (CVD) technique. The first layer of silicon carbide (SiC) coating was applied over the metal alloy and was followed by a second layer of DLC coating (a-C:H structure), and a third layer of F-DLC coating (23 at.%F+a-C:H:F structure). Coating thickness was 0.1 µm for SiC, 0.1 µm for DLC, and 0.5 µm for F-DLC (Figure 1).



The test pieces were shaped into solid columns 5 mm in diameter and 20 mm in length. Parallel slits 0.5 mm wide and 2 mm deep were made in each column along the short axis in 12 locations at 1mm intervals. The test pieces were divided into the group with F-DLC coating (Group F, Figure 2a) and the control group with no coating (Group C, Figure 2b).



For surgery, the dogs were placed under general anesthesia with vecuronium (0.3 mg/kg), midazolam (0.1 mg/kg), and propofol (5 mg/kg/h). The antibiotic cefazolin sodium (50 mg/kg) was administered preoperatively. Both hind legs were shaved, the hind legs and area around the tail were disinfected with isodine, and the skin was anesthesized with 0.5% lidocaine hydrochloride. A 10 cm skin incision was made in the anterior lateral margin of the femur, from the greater trochanter towards the patella level. The initial cut was made between the tensor fascia lata muscle and the quadriceps femoris muscle. The diaphysis was exposed by placing forward traction on the quadriceps femoris muscle. A ϕ5.0 mm drill was used to create holes at 3 sites along the long axis in the diaphysis region of the femur (the center of the diaphysis, 2 cm proximal to the center, and 2 cm distal to the center). The diameter of each hole was then enlarged using a ϕ5.1 mm reamer. During this process, the drill and reamer were cooled continuously to minimize irritation to the bone. After the holes were completed, they were washed with saline solution to remove residual tissue. Three implants from Group F or Group C were inserted into the three holes in each femur, one implant per hole, from the outside inward. In total, 6 implants were placed in each animal.



At 4, 8, or 12 weeks after implantation, the dogs were placed under general anesthesia in the same manner as described for implantation. Animals were then sacrificed by intravenous injection of KCL, and femoral specimens were collected (Figure 3).



At each time point (4, 8, and 12 weeks), 8 femur specimens were collected. In preparation for double staining of the bones, tetracycline had been injected subcutaneously for yellow fluorescence labeling 6 days and 2 days prior to implantation, and calcein had been injected subcutaneously for green fluorescence labeling 6 days and 2 days prior to the collection of bone specimens. Under fluorescence microscopy, it was thus possible to differentiate between bone calcified before and after implantation. Immediately after collection of the femur specimens, each bone was fixed with 70% ethanol and cut into 3 pieces, so that each piece contained one implant. Each piece was polished and stained with Villanueva Osteochrome Bone Stain to create cross-sectional femoral specimens. A total of 72 specimens were created—24 specimens for each collection week.



Bone union is considered to be most affected by cortical bone. In this study, the surfaces of slits that were in contact with cortical bone (Figure 4) were examined under natural light, polarized light, and fluorescent light to evaluate the maturity of newly formed tissue.



Bone histomorphometry was then applied to measure eight parameters. The first was bone mass (%), the percentage of area inside the slit that was covered by bone. The second was trabecular thickness (µm), the mean width of bone inside the slit. The third was osteoclast number (N/mm), the number of osteoclasts per bone surface length. The fourth was bone resorption area (%), the percentage of resorption area in relation to bone surface perimeter. The fifth was osteoblast number (N/mm), the number of osteoblasts per bone surface length. The sixth was osteoid area (%), the percentage of osteoid area in relation to bone surface perimeter. The seventh was calcification rate (µm/day), the increase in distance between double-labeled cells/day. The eighth was the annual rate of bone formation (µm/year).



To confirm F ions elution from the F-DLC coated titanium alloy, the authors used test pieces that were solid round columns of 25 mm diameter and 5 mm thickness, polished to a mirror finish (Ra = 0.1 µm). Testing was performed by lanthanum–alizarin complexone absorption spectrometry in accordance with the methods specified in the JIS K0102 Testing Methods for Industrial Wastewater, Japanese Industrial Standards (JIS) [25].



The coating was applied as described above. To replicate in vivo conditions, immersion was conducted in a dark room protected from ultraviolet rays. The ambient temperature was set at 37 °C ± 0.2 °C to simulate body temperature. Test pieces were left to stand in normal saline solution within a desiccator, which was kept in a thermostatic chamber for a specified time. That soaking solution was then used as the test solution. The pieces were soaked for 2 weeks, 4 weeks, and 8 weeks. Each solution was tested 3 times.



For statistical analysis, Student’s t-test was used to compare Group F and Group C at Weeks 4, 8, and 12 for bone union and at 2, 4, and 8 weeks for F ions elution. All data were shown as mean values for each group ± standard deviation. The significance level was set at p < 0.05. Results were graphed with standard deviations.




3. Results


3.1. Assessing the Maturity of Newly Formed Tissue under Natural Light, Polarized Light and Fluorescent Light


3.1.1. Observations under Natural Light


The observations under Natural Light of the specimen is shown in Figure 5. At Week 4, the presence of immature fibroblasts and fibrous osteoids confirmed the formation of fibrous bone tissue in both groups. At Week 8, fibroblasts and fibrous osteoids were visible in Group C, while in Group F, trabeculae were forming deep in the slits and no immature cells were visible. At Week 12, trabeculae were forming deep in the slits in Group C as well, but immature cells such as fibroblasts and fibrous osteoids were still visible. Trabeculae were denser in Group F than in Group C.



Top row from left to right: Group C at Week 4, Week 8, and Week 12. Bottom row from left to right: Group F at Week 4, Week 8, and Week 12. At Week 4, the presence of immature fibroblasts and fibrous osteoids confirmed the formation of fibrous bone tissue in both groups. At Week 8, fibroblast and fibrous osteoids were visible in Group C, while in Group F, trabeculae were forming deep in the slits and no immature cells were visible. At Week 12, trabeculae were forming deep in the slits in Group C, but immature cells such as fibroblasts and fibrous osteoids were still visible. Trabeculae were denser in Group F than in Group C.




3.1.2. Observations under Polarized Light


The observations under polarized light of the specimen is shown in Figure 6. Lamellar bone was clearly visible under polarized light. Lamellar bone and osteons were visible in Group F at Week 8, while not yet visible in Group C. At Week 12, Group F showed more lamellar bone and more osteons than Group C.




3.1.3. Observations under Fluorescent Light


The observations under fluorescent light of the specimen is shown in Figure 7. Newly formed bone tissue was identified with calcein-green labeling under fluorescent light. In both Group F and Group C, calcein-labeled areas increased over time from Week 8 to Week 12, indicating large areas of new bone formation. At Week 12, double labeling of specimens was noted in Group F, indicating more extensive bone formation than in Group C.





3.2. Results of Bone Histomorphometry


The results of bone tissue morphometry are shown in Figure 8a–h and Table 1.



3.2.1. Bone Volume/Tissue Volume (%)


Mean bone volume/tissue volume ± SD at Week 8 was 35.37 ± 8.70% in Group C vs. 57.53 ± 12.4% in Group F (p < 0.05) and at Week 12 was 61.17 ± 2.12% in Group C vs. 75.77 ± 5.88% in Group F (p < 0.005), with a significantly greater increase in Group F.




3.2.2. Trabecular Thickness (µm)


Mean trabecular thickness ± SD at Week 8 was 103.71 ± 8.81 µm in Group C vs. 120.87 ± 10.5 µm in Group F (p < 0.05), and at Week 12 was 121.19 ± 11.1 µm in Group C vs. 158.11 ± 24.2 µm in Group F (p < 0.05), with a significantly greater increase in Group F.




3.2.3. Number of Osteoclasts/Bone Surface Length (N/mm)


Mean number of osteoclasts per bone surface ± SD at Week 12 was 1.78 ± 0.35/mm2 in Group C vs. 1.28 ± 0.13/mm2 in Group F (p < 0.05), with a significantly greater decrease in Group F.




3.2.4. Eroded Surface/Bone Surface (%)


Mean eroded surface/bone surface ±SD (%) at Week 12 was 24.19 ± 3.03% in Group C vs. 18.94 ± 1.98% in Group F (p < 0.05), with a significantly greater decrease in Group F.




3.2.5. Number of Osteoblasts/Bone Surface Length (N/mm), Osteoid Surface/Bone Surface (%), Mineral Apposition Rate (µm/day), and Bone Formation Rate/Tissue Volume (%/year)


For Figure 8e–g, no significant differences were noted between the two groups at any time point. For Figure 8h, at 8 weeks the ratio of bone formation rate/tissue volume was significantly greater in Group F (220.1 ± 119.08%/year in Group C vs. 405.47 ± 92.29%/year in Group F (p < 0.05)).





3.3. Elution of F Ions from the F-DLC Coated Titanium Alloy


Mean fluoride elution volume was 0.00822 ± 0.00053 µg/mm2 (range: 0.00749–0.00844) after 2 weeks of immersion, 0.0109 ± 0.001 µg/mm2 (range: 0.01–0.0123) after 4 weeks, and 0.0204 ± 0.0044 µg/mm2 (range: 0.0145–0.0251) after 8 weeks. The immersion period (weeks) for test pieces and fluoride ion elution volume per unit area are shown in Figure 9. The amount of fluoride ions increased over time.





4. Discussion


This study compared conventional titanium alloy implants with F-DLC-coated titanium alloy implants to investigate the effects of F-DLC coating on bone formation in vivo. At Week 12, the specimens in Group F were in the process of uncoupling bone formation and resorption. Osteoclasts and bone resorption surface were being reduced, and bone formation was outpacing resorption. Specimens in Group C had not yet reached uncoupling. Lamellar bone, which is formed only in the remodeling phase of bone union, was generated in greater amounts in Group F than in Group C. Immature cells such as fibroblasts and fibrous osteoids were observed in Group C but not in Group F, suggesting that the remodeling phase started earlier in Group F. These findings, which suggest that bone union was more accelerated with F-DLC coated implants than with non-coated titanium alloy implants, are supported by the data showing that bone formation rate/tissue volume increase was more significant in Group F than in Group C.



DLC coating without fluorine has been reported to promote bone union [22,23,24], and the bone union-promoting action of F-DLC in the present study may have been affected by the DLC in the coating as well as by the fluorine portion. Kawaguchi et al. have speculated that bone union could be accelerated because the DLC coating is more hydrophilic than titanium coating [26], but that reasoning is inconsistent with the highly hydrophobic properties of the F-DLC coating. The accelerated osteogenesis seen in Group F may instead be attributable to F ions eluted from the F-DLC-coating.



Supplemental experiment 2 confirmed elution of F ions from the F-DLC-coating over time. Fluorine reacts with substances such as hydroxyapatite or calcium carbonate to form fluorides such as fluorinated apatite, fluorinated calcium, and sodium fluoride. Farley et al., Khokher et al. and Wergedal et al. have reported that fluoride promotes bone formation by directly stimulating osteoblasts and alkaline phosphatase (ALP) activity [27,28,29,30,31]. In this regard, Messer et al. and McCann et al. have reported that fluorinated apatite and fluorinated calcium inhibited bone resorption because of the resistance to acidic conditions produced by osteoclasts [32,33]. Liu et al. have reported that fluorine-containing hydroxyapatite inhibited osteoclast proliferation and promoted apoptosis of osteoclasts [34]. Varughese and Moreno have described the effects of fluoride on the crystal growth of calcium apatites as dependent on fluoride concentration [35,36,37,38,39], and Bhawal et al. have reported that low-level sodium fluoride promoted osteogenesis [40], suggesting that fluoride affected bone formation in a variety of ways. This study showed a decrease in osteoclasts at Week 12, potentially attributable to slow elution of F ions from the implanted F-DLC coated titanium alloy. After reaching a concentration sufficient to affect the osteoclasts, the F ions may have formed fluoride compounds and inhibited bone resorption.



Sodium fluoride has been reported by Bhawal et al., Brown et al. and Lee et al. to demonstrate anti-inflammatory action [40,41,42]. During the process of bone repair after a fracture, excessive or prolonged inflammation was associated with extended cell and callus proliferation, leading to excessive callus formation and delaying the remodeling phase. These findings suggested that eluted F ions formed sodium fluoride, and that the resulting anti-inflammatory action shortened the duration of inflammation during early bone union. The shortening of the cell and callus proliferation phases may have accelerated progression to the remodeling phase in Group F.



Fluorine is a biological trace element and exists in the body at a level of 0.0037%. Fluorine is reported to elicit direct cytotoxicity as well as metabolic toxicity and can bond with either calcium or magnesium to cause hypocalcemia or hypomagnesemia. In this study, to assess the biological toxicity of eluted fluorine, the elution volume was calculated for F-DLC coating applied to the implants to be used.



The expected elution volume was calculated using the example of a plate having maximum surface area (100 mm × 30 mm × 7 mm). Calculations indicated that the eluted volume would be much lower than the reported toxic dose of fluoride (≥0.1 mg/kg/day [43]), suggesting a low level of biological toxicity for the implant.



This study had limitations. First, although the F ions elution volume was much lower than the biotoxicity threshold value, implants were assessed for only 8 weeks. Long-term measurement of F ions elution from the F-DLC coating is needed. Second, this study was performed in beagle dogs. Human studies will also be required. However, even with these limitations, study findings confirmed that the F-DLC coating possessed excellent antibacterial properties and safety profile and had fewer negative effects than titanium alloy coating in categories such as inhibition or abnormal acceleration of bone union.




5. Conclusions


This study showed that titanium alloy with F-DLC coating promoted bone growth and was eluted at a level far below the reported toxic dose of fluoride. Based on its antibacterial and bone union-promoting properties, F-DLC shows promise as a coating material for bone implants.




6. Patents


Masahito Kawaguchi, Patent No.: US 10,695,467B2.
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Figure 1. Coating thickness and structure. 
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Figure 2. (a) Implant coated with fluorinated diamond-like carbon (F-DLC); (b) Control implant without F-DLC coating. 
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Figure 3. (a) Collected femur; (b) Radiograph of femoral bone. 
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Figure 4. Cross-section of polished non-demineralized femur specimen (whole specimen). Pathological examination and bone histomorphometric assessment were focused on in the green-boxed areas, where the cortical bone contacted the slit portion of the implant, because bone formation was expected to be more active in those areas. 
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Figure 5. Microscopic images of inner surfaces of the slits under natural light. Yellow arrows indicate fibrous osteoids, blue arrows are fibrous bones, red arrows are fibroblasts, and greenish-yellow arrows indicate lamellar bones. 
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Figure 6. Microscopic images of inner surfaces of slits under polarized light. Greenish-yellow arrows indicate lamellar bone, and pink arrows indicate osteons. Lamellar bone and osteons were visible in Group F at Week 8. At Week 12, Group F showed more lamellar bone and more osteons than Group C. 
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Figure 7. Microscopic images of inner surfaces of slits under fluorescent light. Newly formed bone tissue is identified with calcein-green labeling. White arrows show regions of double labeling. At Week 12, more bone was formed in Group F than in Group C. 
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Figure 8. Results of bone histomorphometry. (a) Bone volume/tissue volume (%). At Week 4 no significant differences were noted between groups. At Week 8 bone volume/tissue volume (%) was 35.37 ± 8.70 in Group C vs. 57.53 ± 12.4 in Group F (p < 0.05), and at Week 12 was 61.17 ± 2.12 in Group C vs. 75.77 ± 5.88 in Group F (p < 0.005), with a significantly greater increase in Group F. (b) Trabecular thickness (µm). At Week 4, no significant differences were noted between groups. At Week 8, trabecular thickness was 103.71 ± 8.8 µm in Group C vs. 120.87 ± 10.5 µm in Group F (p < 0.05), and at Week 12 was 121.19 ± 11.1 µm in Group C vs. 158.11 ± 24.2 µm in Group F (p < 0.05), with a significantly greater increase in Group F. (c) Number of osteoclasts/bone surface length (N/mm). At Week 4 and Week 8, no significant differences were noted between groups. The number of osteoclasts/bone surface length was 1.78 ± 0.35/mm in Group C vs. 1.28 ± 0.13 /mm in Group F (p < 0.05), with a significantly greater decrease in Group F. (d) Eroded surface/bone surface (%). At Week 4 and Week 8, no significant differences were noted between groups. At Week 12, eroded surface/bone surface (%) was 24.19 ± 3.03 in Group C vs. 18.94 ± 1.98 in Group F (p < 0.05), with a significantly greater decrease in Group F. (e) Number of osteoblasts/bone surface length (N/mm); (f) Osteoid surface/bone surface (%). (g) Mineral apposition rate (µm/day). (h) Bone formation rate/tissue volume (%/year). For (e–g), no significant differences were found between Group C and Group F at any time point. For (h), the ratio of bone formation rate/tissue volume at 8 weeks was 220.1 ± 119.08 %/year in Group C vs. 405.47 ± 92.29 %/year in Group F (p < 0.05), with a significantly greater increase in Group F. * p < 0.05; ** p < 0.005 for (a–d,h). 
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Figure 9. Changes over time in the amount of fluorine elution per unit area. The concentration of F ions tended to increase over time. 
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Table 1. Results of bone histomorphometry.
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	4 W (Groups

C vs. F)
	8 W (Groups

C vs. F)
	12 W (Groups

C vs. F)





	a: Bone volume/Tissue volume (%)
	19.89 ± 4.51 vs. 21.51 ± 14.1
	35.37 ± 8.70 vs.

57.53 ± 12.4 *
	61.17 ± 2.12 vs. 75.77 ± 5.88 **



	b: Trabecular thickness (μm)
	60.71 ± 9.10 vs. 68.92 ± 18.8
	103.71 ± 8.8 vs. 120.87 ± 10.5 *
	121.19 ± 11.1

158.11 ± 24.2 *



	c: No. osteoclasts/Bone surface (N/mm)
	0.85 ± 0.30 vs. 0.65 ± 0.34
	1.39 ± 0.48 vs.

0.98 ± 0.22
	1.78 ± 0.35 vs. 1.28 ± 0.13 *



	d: Eroded surface/Bone surface (%)
	9.47 ± 1.87 vs. 5.88 ± 4.89
	19.27 ± 3.23 vs. 16.08 ± 2.36
	24.19 ± 3.03 vs. 18.94 ± 1.98 *



	e: No. osteoblasts/Bone surface (N/mm)
	43.10 ± 5.78 vs. 44.68 ± 11.11
	25.62 ± 8.51 vs. 34.15 ± 5.34
	24.66 ± 6.35 vs.

31.08 ± 4.90



	f: Osteoid surface/bone surface (%)
	73.10 ± 3.40 vs. 76.00 ± 13.50
	47.60 ± 9.84 vs. 55.31 ± 7.14
	47.10 ± 9.90 vs. 56.17 ± 5.14



	g: Mineral apposition rate (μm/day)
	4.87 ± 0.83 vs. 2.64 ± 1.25
	2.69 ± 0.86 vs.

3.03 ± 0.21
	2.41 ± 0.52 vs. 2.08 ± 0.69



	h: Bone formation rate/bone volume (%/year)
	225.50 ± 145.50 vs. 261.67 ± 211.94
	220.91 ± 119.08 vs. 405.47 ± 92.29 *
	247.09 ± 73.64 vs. 254.80 ± 142.83







* p < 0.05; ** p < 0.005.
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