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Abstract

:

Surface coating modification of titanium-based alloys is an efficient way to accelerate early osseointegration in dental implant fields. Icariin (ICA) is a traditional Chinese medicine that has bone activating functions, while aspirin (ASP) is a classical non-steroidal anti-inflammatory drug with good antipyretic and analgesic capabilities. Moreover, poly(lactic–co–glycolic acid) (PLGA) has attracted great attention due to its excellent biocompatibility and biodegradability. We superimposed an ASP/PLGA coating onto ICA loaded TiO2 nanotubes structure so as to establish an icariin/aspirin composite coating on TiO2 nanotubes surface. Scanning electron microscopy, X-ray photoelectron spectroscopy, a contact angle test and a drug release test confirmed the successful preparation of the NT–ICA–ASP/PLGA substrate, with a sustained release pattern of both ICA and ASP. Compared to those cultured on the Ti surface, macrophage cells on the NT-ICA-ASP/PLGA substrate displayed decreased M1 proinflammatory and enhanced M2 proregenerative genes and proteins expression, which implied activated immunomodulatory effect. Moreover, when cultured with conditioned medium from macrophages, osteoblast cells on the NT-ICA-ASP/PLGA substrate revealed improved cell proliferation, adhesion and osteogenic genes and proteins expression, compared with those on the Ti surface. The abovementioned results suggest that the established NT-ICA-ASP/PLGA substrate is a promising candidate for functionalized coating material in Ti implant surface modification.
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1. Introduction


Dental implant dentures are the preferred treatment option for patients with dentition defect and edentulous jaws [1]. Titanium and titanium—based alloys have become the main steam material for dental implants due to their excellent mechanical properties and biocompatibility [2]. However, the biological inertness of pure titanium impairs the rapid bonding between dental implant and bone tissue, even causes implant failure [3]. Therefore, surface modification of Ti-based implant materials has become the main way to enhance cell activity, exert antibacterial effect and so as to promote osseointegration [4]. Various strategies have been employed for improving surface characteristics of dental implant, including physical, chemical and biological methods [5].



Among them, the application of protein growth factor on implant surface has been proved to be an effective way for enhancing osteogenesis and could accelerate osseointegration at the implant–tissue interface, such as bone morphogenetic protein–2 [6,7,8]. However, the lack of chemical stability of growth factor proteins hinders their wide application in implant surface modification [8,9]. In addition, inflammation reaction generated during the drilling, screwing and inserting processes of implant surgery may hamper bonding strength between implant and surrounding bone tissue [10]. In order to overcome the drawbacks, it becomes imperative to develop a new surface modification method, which could load osteogenic drug with chemical stability and subside inflammation accompanied with implant surgery at the same time.



Epimedium is widely used in traditional Chinese medicine and has the kidney invigorating and bone activating functions [11]. Icariin (ICA), an inexpensive and chemically stable monomer components of Epimedium [12,13], retains the osteogenic function of Epimedium and has antiatherosclerotic, anti-inflammatory and anticancer capabilities [14]. At the same time, icariin can promote the proliferation activity of osteoblasts and inhibit the formation of osteoclasts. Therefore, it is widely used in the treatment of osteoporosis [15]. In addition, icariin is also a promising osteoinductive compound for bone tissue engineering [11,16]. We previously reported that the icariin-functionalized coating on TiO2 nanotubes surface promote osteoblast function and accelerate osseointegration [17]. Moreover, recently the anti-inflammatory [18,19] and immunoregulatory [20] functions of ICA has also been raised. Therefore, ICA becomes an ideal candidate drug for Ti-based implant surface modification to regulate immune response and promote bone formation at the same time.



Aspirin (ASP) is a well-established non-steroidal anti-inflammatory drug (NSAID), with chemical stability and an inexpensive price. In addition to its long-term application as an antipyretic and analgesic for postoperative pain relief [21], ASP is also reported to substantially improve immunomodulatory function, manifested as regulatory T cells upregulation and Th17 cells downregulation in vitro [22]. In addition, systemic use of ASP revealed enhanced bone regeneration in vivo [23]. Moreover, some scholars have recently demonstrated that low doses of ASP can regulate the balance between bone resorption and bone formation in osteoporosis caused by ovariectomy [24,25,26]. Evidence from both in vitro cell culture tests and in vivo animal studies also revealed that ASP has a protective effect on bones by promoting the proliferation of osteoblast precursor cells and differentiation of osteoblasts [27]. Therefore, in the present work, we further superimposed ASP on the ICA-loaded TiO2 nanotubes surface, in order to simultaneously resolve acute inflammation after implant insertion and improve osteogenesis.



Due to the lack of immobilization sites for drug molecules on the pristine Ti surface, we fabricated TiO2 nanotubes on Ti surface as the reservoir for drug storage and delivery. Prepared by anodization, TiO2 nanotubes are widely used as a surface modification method for dental implants [28]. It is well-accepted that nanostructured morphology can promote osteoblast adhesion, proliferation, differentiation activity and accelerate osseointegration around the implant [29]. However, since the end of nanotubes are in an open state, loading drug on TiO2 nanotubes surface may cause undesired early burst release of the drug [30]. To solve this problem, it is necessary to find a coating material combined with nanotube architecture so as to endow the modified surface with a controlled drug release platform.



In order to effectively overcome the initial fast drug release of the simple TiO2 nanotubes surface, various coatings were applied to acquire sustained drug release capacity on the nanotubes surface [31,32]. Among them, poly(lactic-co-glycolic acid), often shortened to PLGA, is one of the important materials for preparing controlled drug release coatings. A large amount of literature have reported different types of PLGA-based drug delivery systems (DDSs), such as nanoparticles, microspheres, implants, nanogels, nanofibers, rods, films, etc. [33,34]. The PLGA controlled release coating can load a variety of substances from hydrophilic to lipophilic drugs, from micromolecule to macromolecule and from single molecules to multiple molecules [35].



Therefore, in the present study, TiO2 nanotubes structure were first prepared on the Ti surface and then loaded with ICA. Afterwards, the ASP/PLGA coating is employed to cover the pre-existed ICA loaded nanotubes surface. Thus, we constructed the icariin/aspirin composite coating on TiO2 nanotubes surface, abbreviated as NT–ICA–ASP/PLGA substrate. Scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) and contact angle test were utilized for characterization of the physical and chemical features of the established icariin/aspirin composite coating on TiO2 nanotubes surface. While the drug release tests were used to evaluate the release profiles of ICA and ASP, respectively.



Previously, researchers have made great effort on titanium surface modification to improve osteogenic properties in mesenchymal stem cells or osteoblast cells. However, the discrepancies of biological responses between in vitro and in vivo experiments exist when evaluating implant materials so far. It implies that the complexity of the in vivo environment has not been fully understood and some important factors, including immunomodulatory factors, are often ignored [36,37]. Among all the immune cells, macrophages play a central role in inflammation reaction [38,39]. Macrophage cells were also one of the cell types, which firstly contact with implant materials after insertion [40]. Therefore, in the present work, we intend to simultaneously explore the immunomodulatory function and osteogenic effect of the icariin/aspirin composite coating on TiO2 nanotubes surface. At first, we examined the immunomodulatory effect of the established NT–ICA–ASP/PLGA substrate using macrophage cells. Then, we employed the indirect coculture system including macrophage conditioned media (CM) and osteoblast cells to evaluate the osteogenic function of the constructed NT–ICA–ASP/PLGA substrate.



Our hypothesis is that icariin/aspirin composite coating on the TiO2 nanotubes surface could improve osteogenic effect of osteoblast cells through regulating the polarized status of macrophages. By exerting immunomodulatory function of macrophages at the interface between implant and surround bone tissue, an immune microenvironment that favors bone formation is created. The combined effects of icariin and aspirin may synergistically accelerate osseointegration of the dental implant.




2. Materials and Methods


2.1. Chemicals and Reagents


ICA and ASP was provided by Sigma-Aldrich (St. Louis, MO, USA). PLGA (Resomer RG 503, lactide:glycolide 50:50, ester terminated, Mw 24,000–38,000) was provided by Sigma-Aldrich Phosphate buffered saline (PBS) was obtained from Solarbio, Inc. (Beijing, China). Ammonium fluoride (NH4F) and ethylene glycol (EG) were provided by Tianjin FengChuan Chemical Reagent Co., Ltd (Tianjin, China).




2.2. Specimen Preparation and Surface Characterization


2.2.1. TiO2 Nanotubes Fabrication


To prepare the TiO2 nanotubes surface, titanium (Ti) discs with diameter of 15 mm and thickness of 1 mm were fabricated from commercially produced titanium plate (Grade 2, ASTM F67 unalloyed Ti; 99.7% Ti; 0.14% O; 0.09% Fe; 0.04% C; 0.02% N; 0.008% H; 0.002% other elements), which were purchased from Baoji Titanium Industry (Baoji, China). Ti discs were polished by 320, 800, 1500 and 2000 grit sand paper in sequence, ultrasonically washed with acetone, ethanol and deionized water in turn for 10 min, and then dried in air. The solvent of the electrolyte is ethylene glycol (EG), the solute is 0.16 mol/L NH4F, with 10% deionized water by volume added. The TiO2 nanotubes discs were fabricated under a voltage of 40 V for 1 h by high-voltage DC power supply (Dongwen High Voltage Power Supply Factory, Tianjin, China). After reaction, discs were ultrasonically cleaned by the EG solution. Later, the discs were rinsed with deionized water for 3 times, and left to dry naturally to obtain the TiO2 nanotubes (NT) surface.




2.2.2. Construction of Icariin/Aspirin Composite Coating on the TiO2 Nanotubes Surface


To fabricate the NT–ICA surface, ICA was dissolved in anhydrous methanol, with the concentration adjusted to 1.15 mg/mL, then the solution was mixed by vortex oscillators for 2 min. The NT slices were placed in the wells of a 24–well plate, one well for each slice, then 1 mL prefabricated ICA solution was added to each well, sealed with parafilm membrane and left to stand for 24 h at 4 °C. After that, the excess liquid was sucked out and air-dried to obtain the NT-ICA surface.



To construct the Ti-PLGA and NT-ICA-PLGA surfaces, we dissolved 30 mg of PLGA powder in 1 mL acetone solution, mixed thoroughly by vortex. We spread 100 μL mixed solution evenly on the surface of the Ti and the NT–ICA slices, dried naturally and repeated four times to obtain the Ti–PLGA and NT-ICA-PLGA surfaces, respectively.



To establish the NT–ASP/PLGA and NT–ICA–ASP/PLGA substrates, we took 30 mg PLGA and 10 mg ASP powder into a 15 mL centrifuge tube, add 1 mL acetone solution, and mix thoroughly by vortex. Then apply 100 μL of the mixed solution of ASP, PLGA and acetone to the surface of the NT and NT–ICA slices and left to dry naturally. Repeat the coating step four times to obtain the NT–ASP/PLGA and NT–ICA–ASP/PLGA substrates, respectively.




2.2.3. Surface Characterization


Observe the macro surface morphology of Ti, Ti–PLGA, NT, NT–ICA, NT–ICA-PLGA, NT–ASP/PLGA and NT-ICA-ASP/PLGA surfaces with stereomicroscope (S9i; Leica Microsystem, Tokyo, Japan). The micro surface topography of various surfaces was observed using a scanning electron microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany), the working distance was 22.4–27.8 mm. X-ray photoelectron spectroscopy (XPS, AXIS Nova; Kratos Analytical, Manchester, UK) was used for analyzing the elemental composition of each sample’s constituents. At room temperature, the wettability of the sample surfaces were evaluated by contact angle measurement using deionized water. The droplet volume used was 2 µL, and a contact angle goniometer (JGW-360A, Chongda Intelligent Technology, Xiamen, China) was used to acquire droplet images. Values of initial contact angle were analyzed using image analysis software (version 1.0, Anglem, Chongda Intelligent Technology, Xiamen, China). Three different positions were measured for each sample, and values were determined as mean ± standard deviation, n = 3.





2.3. Icariin and Aspirin Drug Release Amount Measurement


The drug release profiles of two drugs ICA and ASP were detected by the high performance liquid chromatography system (HPLC; 1100 Series; Agilent Technologies, Santa Clara, CA, USA). The MS 105 electronic balance (Mettler-Toledo., Greifensee, Zurich, Switzerland) of 0.01 mg accuracy was used to accurately weigh the ICA and ASP reference substance. Anhydrous methanol was used to prepare the standard solution used in the standard curve by half dilution method. The standard solution concentrations of ICA and ASP are 0, 0.5, 1, 2, 4, 8 and 16 μg/mL and 0, 2.5, 5, 10, 20, 40 and 80 μg/mL, respectively. The samples were immersed in PBS (pH 7.4) at 37 °C for drug release experiments. Various samples were immersed in 10 mL PBS and incubated for 24 h, and then the solution was daily collected for analysis by the HPLC system. After that, fresh PBS solution was added to replace the extracted solution. The test periods for ICA and ASP lasted for 30 and 8 days, respectively. The total amount of drug loaded on the sample was calculated according to the accumulated amount of drug released until the end of the test period used in this experiment. The drug cumulative release percentage was calculated by dividing the accumulated amount of released drug at each time point by the total amount of drug loaded. Data are collected from three separate experiments and expressed as mean ± SD (n = 3).




2.4. Behaviors of RAW 264.7 Cells Cultured on Different Surfaces


2.4.1. Cell Culture of Macrophage Cells


All samples were sterilized by irradiation with 25 kGy Cobalt 60 for 30 min and placed in 24–well plate. RAW 264.7 macrophage cells (American Type Culture Collection, ATCC, Manassas, VA, USA) were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 1% (v/v) streptomycin/penicillin (Gibco, Carlsbad, CA, USA) in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C. Culture medium was daily changed and cells were stimulated with Lipopolysaccharides (LPS; Sigma Aldrich, St Louis, MO, USA) at the concentration of 1 μg/mL for the first three days. All samples were sterilized by irradiation with 25 kGy Cobalt 60 for 30 min.




2.4.2. Proinflammatory (M1) and Proregenerative (M2) Marker Gene Expression


The gene expression levels of proinflammatory (M1) and proregenerative (M2) markers in RAW 264.7 macrophage cells cultured on different substrates were analyzed by quantitative real-time polymerase chain reaction (qPCR). RAW 264.7 macrophage cells were seeded on all surfaces at a density of 1 × 104 cells/well for 3 days. Then, total RNA was extracted by TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). The RNA concentration and purity were measured at 260 nm by Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Mouse mRNA encoding genes for tumor necrosis factor-alpha (TNF–a), interleukin-1β (IL–1β), transforming growth factor-beta (TGF–β) and heme oxygenase-1 (HO–1) were selected, glyceraldehyde–3–phosphate dehydrogenase (GAPDH) was amplified in parallel with the target genes and used as an internal control. Reverse transcription and qPCR were performed. Then relative gene expression levels were determined using the relative threshold cycle (CT) method and reported as 2−ΔΔCt. Primers used for both the target genes and the housekeeping gene were shown in Table 1. For every interested gene, the cDNA amplification was performed in triplicate by a single sample. The results were from three independent tests.




2.4.3. Enzyme-Linked Immunosorbent (ELISA) Assay


The proinflammatory (M1) and proregenerative (M2) marker protein expression levels in RAW 264.7 macrophage cells incubated with all kinds of samples were further measured by enzyme-linked immunosorbent (ELISA) assay. RAW 264.7 macrophage cells were seeded on different surfaces at a density of 1 × 104 cells/well for 3 days. The supernatants were then collected and measured immediately. The concentrations of proteins including tumor necrosis factor-alpha (TNF-a), interleukin–1β (IL–1β), transforming growth factor-beta (TGF–β) and heme oxygenase–1 (HO–1) were determined by ELISA kits (ImmunoWay Biotechnology, Plano, TX, USA). Three different slices were measured for each group. Three independent experiments were repeated.





2.5. Behaviors of MC3T3-E1 Cells on Various Surfaces in Conditioned Medium (CM)


2.5.1. Collection and Preparation of CM


RAW 264.7 macrophages were seeded on various surfaces at a density of 1 × 104 cells/well for 14 days. Cells were stimulated with LPS (1 μg/mL) for the first three days, and culture medium supernatant were collected daily and changed with new medium. The collected supernatant was centrifuged at 1500 rpm for 15 min, and then filtered through a 0.22 μm filter. Then, the filtered supernatant was mixed with DMEM containing 10% FBS and 1% penicillin/streptomycin at a volume ratio of 1:1 to obtain the conditioned medium (CM), and stored at 4 °C for later use.




2.5.2. Cell Culture of Osteoblast Cells


MC3T3-E1 preosteoblast cells (ATCC, Manassas, VA, USA) were first cultured in the DMEM supplemented with 10% FBS and 1% (v/v) streptomycin/penicillin in a 5% CO2 incubator at 37 °C. After 4 h of inoculation, cells were seeded on different surfaces at a density of 1 × 104 cells/well and the CM prepared in 2.5.1 was used for cell culture. Various samples were disinfected through irradiation with 25 kGy Cobalt 60 for 30 min.




2.5.3. Cell Proliferation


The cell proliferation ability of RAW 264.7 macrophage cells incubated with various substrates were measured using cell counting kit-8 assay (CCK-8, New Cell and Molecular Biotech, Suzhou, Zhejiang, China). Cells were cultured with all kinds of substrates in 24–well plates at a density of 1 × 104 cells/well for 7 days. At 1, 3, 5 and 7 d, 1 mL of culture medium containing 100 μL CCK-8 solution was distributed to each well. After incubation for 2 h in the incubator, 100 μL reserved solution was transferred into a new 96-well plate, and then measured by a microplate reader (Cytation 5, Bio-Tek, Winooski, VT, USA) at 450 nm. The values were measured and recorded as mean ± standard deviation, n = 3. The cell proliferation tests were repeated three times.




2.5.4. Cell Morphology


To examine cell morphology on various surfaces, MC3T3–E1 cells were incubated with different surfaces for 24 h before observation. Then, all samples were rinsed twice with PBS, fixed with 2.5% glutaraldehyde solution (Solarbio, Beijing, China) at 4 °C overnight. Then the fixed cells were rinsed by PBS for three times, 10 min each time. Afterwards, samples were further fixed by 1% osmic acid away from light for 1 h and then dehydrated using sequential ethanol solutions (30%, 50%, 75%, 90%, 95% and 100% (v/v)). Subsequently, various substrates were dried by critical point dryer (EM CPD030, Leica Microsystems, Wetzlar, Germany, the working distance was 8.3–9.4 mm. Lastly, cells grown on various samples were observed by SEM (SU8010, Hitachi, Tokyo, Japan). The typical images from three independent slices were shown for each group.




2.5.5. Osteogenic-Related Gene Expression


To detect the osteogenic-related gene expression levels in MC3T3-E1 cells incubated with different substrates, MC3T3–E1 cells were cultured for 14 days and the culture medium was changed daily. At 14 d, cells on the samples were extracted by TRIzol. Expression levels of mouse mRNA encoding genes for alkaline phosphatase (ALP), collagen type 1 alpha 1 (COL1A1), osteopontin (OPN) and osteocalcin (OCN) were detected, with the housekeeping gene GAPDH used as the internal control. Reverse transcription and quantitative real-time polymerase chain reaction were performed and data were calculated by the 2−ΔΔCt method. Primers used for the target genes and the housekeeping genes were shown in Table 2. The cDNA amplification of each gene of interest was conducted in triplicate by one sample and data were reported from three separate tests.




2.5.6. Western Blot Test


The osteogenic-related protein expression levels in MC3T3–E1 cells cultured with various surfaces were examined by Western blot test after 14 days of incubation. MC3T3–E1 cells were cultured for 14 days and medium changed daily. Cells were then harvested on ice, washed twice using PBS, and 200 μL lysis buffer supplemented with protease inhibitor were added to each well. After being incubated on ice for 10 min, cell extracts were subjected to centrifuge with 12,000 rpm at 4 °C for 15 min. Protein samples were separated by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. After blocking using skim milk powder (5 g/100mL, Solarbio, Beijing, China) for 1 h, PVDF membranes were hybridized with specific antibodies of ALP (1:1000, ab229126), COL1A1 (1:1000, ab6308), OPN (1:1000, ab63856) and OCN (1:1000, ab93876) from Abcam, Cambridge, UK, respectively overnight at 4 °C. Data of expression levels from interested proteins were compared with that of internal control beta-Actin (1:1000, ab8226, Abcam, Cambridge, UK) to normalize loaded protein amount of different samples. The membranes were washed three times, and then incubated with goat anti-mouse secondary antibody at 1:5,000 dilution for 1 h. The protein bands were visualized using chemiluminescence imaging system (ChemiDocTM XRS+ workstation, Hercules, CA, USA). The relative intensity of the protein bands was quantified using image analysis software (Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD, USA).





2.6. Statistical Analysis


All experiments were performed three times and the data were expressed as means ± standard deviations (SD). The one-way ANOVA combined with Tukey post hoc test was applied to examine the statistical difference between different samples. All differences considered to be significant when p < 0.05.





3. Results


3.1. Surface Characterization


First, the macro surface morphology of various surfaces was observed with stereomicroscope (S9i; Leica Microsystem, Tokyo, Japan) and shown in Figure 1. The Ti slice looks silver and the Ti-PLGA surface observed a transparent film covering the original Ti surface, suggesting that PLGA can form thin film materials on the prepared surface. For the NT surface, a faint gray-green color was seen after anodic oxidation. Whereas, the surface of NT–ICA samples had obvious yellow color, with scattered icariin particles deposited. The NT–ICA–PLGA surface obtained by dripping the PLGA solution on the surface of the NT–ICA sample was still yellow, but the original ICA particles were covered and difficult to identify. Since ASP and PLGA are both white, the NT–ASP/PLGA surface revealed a white-color film on the faint gray-green color NT base material. While for the NT–ICA–ASP/PLGA substrate, a white-color film covering yellow base of NT-ICA was seen.



Second, the micro surface morphology of all samples was observed using a scanning electron microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany). As shown in Figure 2, scratch marks were seen on the surface of Ti after gradient polishing. After loading the PLGA coating, the Ti–PLGA group displayed a smooth and uniform surface. After the anodizing process, nanotubes with uniform and controllable diameter and length can be detected on the surface of NT group. The diameter of nanotubes was 100 ± 5 nm, while the length of which was 3 ± 0.5 μm. On the surface of the NT–ICA group, scattered granular substances of ICA were observed. For the NT–ICA–PLGA surface, ICA was completely enwrapped by the uniform smooth film of PLGA coating, with many needle-like configurations indicating the existence of ICA. While on the NT–ASP/PLGA substrate, short needle-like ASP crystals were observed in the PLGA coating layer. The morphology of NT–ICA–ASP/PLGA surface combined the common features of NT–ASP/PLGA and NT–ICA–PLGA surfaces, and displayed both the configuration of ICA and ASP in the PLGA coating.



XPS results were used to determine the elemental composition of different samples. All binding energies were referenced to the C 1s spectrum peak (284.8 eV) as an internal reference after calibrating peak position. As shown in Figure 3 and Table 3, the spectra of the Ti and NT mainly include C1s, O1s and Ti2p3. For the NT-ICA surface, increased peak of C1s may originate from ICA (C33H40O15), while the decreased peak of Ti2p3 may be explained by the partial coverage of the TiO2 nanotubes structure by ICA, compared to the NT surface.



In addition, the disappearance of the Ti peak on the Ti–PLGA, NT–ICA–PLGA, NT–ASP/PLGA and NT–ICA–ASP/PLGA surfaces indicate that the PLGA coating totally overspread the original Ti and nanotubes structures. As we known, PLGA ([C5H8O5]n), ICA (C33H40O15) and ASP (C9H8O4) are all composed of C, H and O. Due to the small photoionization cross section of H, the signal of H is too weak for XPS to be detected. Therefore, only C and O could be detected on the Ti–PLGA, NT–ICA–PLGA, NT–ASP/PLGA and NT–ICA–ASP/PLGA surfaces by XPS analysis. Moreover, since both icariin and aspirin have higher C and lower O element content than PLGA, the increased C and decreased O element content observed in NT–ICA–PLGA, NT-ASP/PLGA and NT–ICA–ASP/PLGA groups compared to the Ti–PLGA group may be explained by the successful loading of ICA and ASP.



In addition to surface topography and chemical composition, hydrophilicity is also an essential factor, which affects the biological compatibility of materials. Figure 4 showed that the contact angle of Ti was 89.5 ± 0.6°, while after the application of PLGA coating, the contact angles decreased to Ti–PLGA (69.5 ± 0.6°), NT–ICA–PLGA (58.9 ± 0.8°), NT–ASP/PLGA (69.8 ± 0.5°) and NT–ICA–ASP/PLGA (64.5 ± 1.6°), respectively, with statistical significance. This indicates that PLGA coating could improve the wettability of surfaces, compared to pure Ti surface. Moreover, the contact angles of the NT and NT–ICA groups were 19.5 ± 3.0° and 21.3 ± 1.0°, respectively, even lower than those of various PLGA coated substrates, with statistical significance. This phenomenon suggested that the titanium nanotube structure fabricated after anodization could substantially enhance the hydrophilicity of surfaces. In this experiment, we only detected the initial contact angles. In a follow-up experiment, we will further test the frequency acquisition of the droplet images and monitor the time dependence of the water contact angle so as to obtain more kinetic constant and exponential parameters of material and evaluate hydrophilicity of the material much more accurately.




3.2. In Vitro Drug Release Profile


The drug release pattern of ICA in the NT-ICA-ASP/PLGA surface is shown in Figure 5A. A sustained release profile of ICA was seen during the 30 days detection period. At the same time, the daily concentration of ICA always maintained within the range of 0.1–1 × 10−5 mol/L per day, which was proved to be effective concentration of icariin to promote MC3T3–E1 cells osteogenesis in our preliminary experiment (data not shown). Taken into consideration of this point, the addition of ICA in the NT–ICA–ASP/PLGA surface is expected to exert continued osteogenic function during the release period.



As shown in Figure 5B, the release profile of ASP also displayed controlled release pattern during the release period, and finally reached a plateau at day 7. In addition, the release concentration of ASP maintained between 0.2 and 4 mM during day 1–5, within the effective concentration of anti-inflammatory and proregenerative function of ASP by our preliminary data (data not shown). Therefore, we hypothesized that the addition of ASP in the coating may promote RAW 264.7 macrophage cells to change from M1 to M2 polarization status.



Meanwhile, the release kinetics of both ICA and ASP in the NT–ICA–ASP/PLGA surface were assessed by fitting the release profiles of the two drugs to the Korsmeyer−Peppas model [41]. The mechanism of ICA and ASP release from the established surface during dissolution investigations in PBS was determined using Equation (1):


     M t     M ∞    = k  t n   



(1)




where      M t     M ∞      is the fractional drug release at denoted time point t, k is a kinetic constant reflecting the structural and geometric properties of the drug/carrier system, and n is the release exponent, which relies on the release mechanism. As shown in Figure 6, the first 10 days of ICA release profile was used for simulation and the release exponent n was 1 ± 0.0251, which is close to a desirable time-dependent release mechanism, as indicated by Korsmeyer et al. [41]. While for ASP, since there were relatively less time points for simulation, we selected the first 4 days for simulation and the diffusional release exponent n value was 0.5438 ± 0.0725, which implied a drug release mechanism approximately controlled by anomalous (non-Fickian) diffusion. As illustrated in Figure 6, the data fit the model well as the correlation coefficient R2 of ICA and ASP release curves are 0.9946 and 0.9485, respectively. In addition, the kinetic constant of ICA and ASP were 5.9699 ± 0.2496 and 47.5629 ± 3.2833, respectively, which indicated different structural and geometric properties of the two kinds of drugs in the drug/carrier system. The drug release percentage scatter diagrams as a function of time and sketch view of the established substrate were shown in Figure 6A–C. The sustained release mechanism of ICA may partly be interpreted by its poor water solubility [42] and the existence of the outside ASP/PLGA coating, which generate a viscous layer that further retarded the drug diffusion to the solvent, similar to a previous report [43]. In the future, drug release amount at more time points, especially for ASP, are needed to be measured to evaluate the kinetic mechanism much accurately.




3.3. Polarization Status of RAW 264.7 Cells Cultured on Different Surfaces


3.3.1. Proinflammatory (M1) and Proregenerative (M2) Marker Genes Expression


Quantitative real-time polymerase chain reaction (qPCR) was performed to detect expression levels of proinflammatory (M1) and proregenerative (M2) gene markers in RAW 264.7 macrophage cells incubated with different substrates. The results were displayed in Figure 7. In the physiological healing of wound, the inflammatory phase last hours to days. Therefore, the initial several days after dental implant insertion was crucial for ideal osseointegration. Since the drug release curve of ASP revealed a relative steady release profile during day 2–4, we selected day 3 to evaluate the polarization of macrophages. As shown in Figure 7, M1 proinflammatory genes IL-1β and TNF-α expression levels decreased in cells cultured on the NT surface, compared with those on the pristine Ti surface, indicating that the 100 nm diameter NT used in this experiment could inhibit inflammatory reaction at the gene level. Whereas the Ti−PLGA surface evoked higher proinflammatory genes expression than Ti surface. It indicated that although PLGA is a non-toxic and harmless material that can be absorbed by the human body, it could promote inflammatory reaction in RAW 264.7 cells during the early period after implantation. However, the decreased M1 proinflammatory gene levels in cells incubated with the NT-ICA-PLGA surface, compared with those with the Ti-PLGA surface implied that ICA may exert anti-inflammatory function. In particular, the addition of ASP, a well-established non-steroidal anti-inflammatory drug, obviously decreased proinflammatory gene expression in macrophage cells cultured on NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates, compared with the Ti surface.



The M2 proregenerative marker genes expression in RAW 264.7 macrophage cells cultured on various surfaces were further evaluated. After 3 days of incubation, the addition of PLGA coating on the Ti−PLGA surface did not change TGF-β and HO-1 gene expression levels much, compared with Ti surface. It indicated that PLGA had no significant effect on induction of macrophages towards M2 polarized status. Previously, ICA has been reported to exert anti-inflammatory effect by elevated cytoprotective gene expression HO−1 [44,45]. Therefore, the observed highest HO−1 gene level on the NT−ICA surface may be attributed to the burst release of ICA occurred during the first 3 days, which evoked the substantially increased HO−1 gene expression. Most importantly, TGF−β and HO−1 gene levels in cells on the NT−ICA, NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates were obviously higher than those on the Ti surface, with statistical significance. These results suggest that both ICA and ASP could induce M2 polarization of macrophage, which endowed the NT−ICA−ASP/PLGA substrate with superior proregenerative immunomodulatory ability.




3.3.2. Enzyme-Linked Immunosorbent (ELISA) Assay


We further examined the proinflammatory (M1) and proregenerative (M2) marker protein expression levels by ELISA assay. As shown in Figure 8, decreased IL−1β and TNF−α and increased TGF−β and HO−1 protein levels were observed in cells cultured on the NT surface, compared with those on the Ti surface, displaying that the nanotube structure could reduce inflammation and induce regeneration. On the contrary, proinflammatory IL−1β and TNF−α protein levels were enhanced, while the proregenerative TGF−β and HO−1 protein levels do not change much in cells on the Ti−PLGA surface, compared with the Ti surface. It showed that the PLGA coating could induce M1 inflammatory reaction, but failed to induce M2 polarization in macrophages. After the addition of ICA and ASP, M1 proinflammatory IL−1β and TNF-α protein levels reduced, whereas TGF−β and HO−1 protein levels elevated in cells on the NT−ICA, NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates, compared to the original Ti surface, with statistical significance. In particular, NT-ASP/PLGA and NT−ICA−ASP/PLGA groups had relatively lower M1 and higher M2 proteins secretion than the other groups.



Combined the results from gene and protein detection in RAW 264.7 cells, similar to the NT−ASP/PLGA surface, the NT−ICA−ASP/PLGA substrate also exhibited a superior ability of inflammation inhibition and regeneration enhancement than other surfaces. It implies that the combination of ASP and ICA on the NT−ICA−ASP/PLGA surface could achieve anti-inflammatory and proregenerative function.





3.4. Behaviors of MC3T3-E1 Cells on Various Surfaces in Conditioned Medium (CM)


3.4.1. Cell Proliferation


The proliferation of MC3T3-E1 cells seeded on all samples was assessed by CCK-8 assay. Figure 9 showed cell numbers cultured on different surfaces after 1, 3, 5 and 7 days of incubation. At day 1 and 3, there was no statistical significance in the cell proliferation capacity of each group although a tendency of a higher cell proliferation rate on the NT−ICA−ASP/PLGA substrate was seen, compared with the Ti group. After 5 and 7 days of incubation, cells cultured on NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates revealed higher cell proliferation ability compared with that on the pristine Ti, p < 0.05. This suggests the relative strong effect of aspirin to promote osteoblast proliferation under the existence of CM from macrophage cells. Interestingly, the proliferation rate of cells on the NT−ASP/PLGA group was moderately higher than that on the NT−ICA−ASP/PLGA group, although there was no statistical difference. This phenomenon may be explained by that the NT−ICA−ASP/PLGA substrate had an additional prodifferentiation effect on osteoblasts than the NT−ASP/PLGA surface, due to the existence of ICA. It is well accepted that during cell life activity, higher proliferation activity is often inhibited when cell differentiation is promoted and vice versa [12,46]. Therefore, the slightly inhibited cell proliferation of the NT−ICA−ASP/PLGA group may imply its enhanced cell differentiation due to the additional prodifferentiation effect of released ICA, compared to the NT−ASP/PLGA group.




3.4.2. Cell Morphology


Cell morphologies of MC3T3−E1 osteoblast cells on different samples after 24 h of incubation were acquired with scanning electron microscope (SEM, SU8010, Hitachi, Tokyo, Japan) and shown in Figure 10. After 24 h of incubation, cells attached along the direction of scratch marks on the pure Ti surface. While on the NT and NT−ICA substrates, cells revealed well-distributed morphology, with filopodia stretching into the nanotubular structures, which implies good cell adhesion induced by the nanostructure. In addition, cells on the Ti−PLGA, NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates displayed a spread-out morphology, towards different directions. This can be explained by that PLGA improved cell adhesion to some extent, similar with previous report [47]. In particular, for the NT−ICA−ASP/PLGA substrate, cells extend towards all directions, which revealed the satisfied cell adhesion ability.




3.4.3. Osteogenesis-Related Gene Expression


Figure 11 shows osteogenesis-related genes expression of MC3T3−E1 cells cultured on different surfaces after 14 days of culture under the condition of macrophage CM. Gene expression levels of ALP, COL1A1 and OCN all increased on osteoblast cells cultured on the NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates, compared with that on the pristine Ti and Ti-PLGA surfaces, p < 0.05. It’s worth noting that the NT−ICA−ASP/PLGA substrate showed highest expression levels for all of the osteogenesis-related genes examined than the other surfaces, with statistical significance. These results suggested that the employment of ICA and ASP could both improve osteoblast differentiation, and the superior osteogenic function of the NT−ICA−ASP/PLGA substrate lies in the synergistic function of ICA and ASP.




3.4.4. Western Blot Test


Western blot analysis was used to evaluate the protein expression levels in MC3T3-E1 cells cultured on different samples for 14 days. Figure 12A,B displayed Western blot bands and quantitative analysis, respectively.



Consistent with the gene expression levels, the protein expression levels of ALP, COL1A1 and OCN were all higher in cells incubated with NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates, compared to that on the original Ti and Ti-PLGA surfaces. Especially, NT−ICA−ASP/PLGA substrate revealed enhanced expression levels for all of the osteogenic proteins determined in this experiment than those on the other surfaces, p < 0.05. The optimal osteogenesis-related protein expression of the NT−ICA−ASP/PLGA substrate is attributed to the combined effects of both ICA and ASP to facilitate bone formation in osteoblast cells.






4. Discussion


Numerous strategies have been implemented to integrate bioactive molecules into the implant surface so as to promote osseointegration. Previously, most investigators endeavored to optimize dental implant materials to promote osteogenic differentiation in mesenchymal stem cells or osteoblast cells and have developed satisfied implant materials to a certain degree. However, only promoting bone formation in osteoblast cells is not enough to fulfill implant osseointegration in vivo. The reason is that after implant were inserted in to the bone tissue, in addition to its interaction with osteoblast, immune cells, such as macrophages, also play an important role in osseointegration [48]. In order to uncover the close relationship between skeletal and immune system, we applied the icariin/aspirin composite coating on TiO2 nanotubes surface, named as the NT-ICA-ASP/PLGA substrate, and explore its immunomodulatory effect on macrophage and osteogenic activity in osteoblast cells. We hypothesized that the NT–ICA–ASP/PLGA substrate could induce immunoregulatory function in macrophages and provide an immune microenvironment, which is favorable for osteogenesis in osteoblast cells.



In the current work, the NT-ICA-ASP/PLGA substrate was fabricated. The SEM, XPS detection and contact angle tests confirmed the successful preparation of the icariin/aspirin functionalized coating on TiO2 nanostructured surface. The established NT–ICA–ASP/PLGA substrate achieved controlled release of both ICA and ASP, with satisfied hydrophilicity. The drug release curves revealed that the releasing period of aspirin is about 7 days, while icariin achieved a sustained release period until 30 days.



To maintain the controlled release of the two kinds of drugs, we firstly prepared TiO2 nanotubes on the surface of pure titanium by anodization. It is well established that 70–100 nm diameter nanotubes could induce improved cell adhesion, differentiation toward osteoblasts [49,50,51]. Previously, we have chosen 80 nm diameter nanotubes for the fabrication of functionalized coating [17]. In the present study, we selected a 100 nm diameter of TiO2 nanotubes for further functionalization study after taking two reasons into considerations. First, as a drug loading reservoir, the larger diameter of the nanotubes, the stronger ability to load drugs [52]; second, 100 nm diameter nanotubes displayed highest ability of protein adsorption, which is critical in mediating cell attachment and proliferation so as to promote bone formation [53,54]. In view of this, we selected 100 nm diameter nanotube as a drug carrier, hoping that it will balance the drug-loading capacity and osteogenic ability at the same time. Another thing should be clarify is that we changed the anodization parameters, compared to our past article [17]. In our previous work, HF was used as an electrolyte, while in the present experiment we employed the reaction system composed of NH4F, ethylene glycol and water. The reason that we adopted this new method lies in that it can increase the viscosity of the electrolyte and reduce the activity of fluoride ions in order to acquire much controllable and orderly aligned nanotubes with uniform diameter [55]. In present work, we analyzed the bioactivity, gene expression and immune regulatory responses of the established icariin/aspirin composite coating on 100 nm diameter TiO2 nanotubes. In the future, we will continue to evaluate the influence of different sizes of TiO2 nanotubes on the biological behaviors of the coated surface.



We further used PLGA to avoid the initial burst release of drug from the TiO2 nanotubes surface. PLGA is commonly applied in bone tissue engineering because of its favorable mechanical properties and drug-loading capacity [56,57] and used in wound dressings due to its excellent bonding ability [58]. PLGA has also been employed as coating materials on the surface of titanium implants [59,60]. Serving as biodegradable material [61], PLGA polymer-coated nanotube displayed longer drugs release period compared to chitosan-coated nanotubes [62]. In addition, compared with protein growth factor, icariin and aspirin were both chemical stable and heat-resistant drugs [63,64]. More importantly, since we adopted the dip-coating method for preparation of the PLGA coating onto the NT–ICA–ASP/PLGA substrate, this mild coating method could further protect icariin and aspirin from denaturation during the coating procedure and achieve sustained and multiple release of two kinds of drugs at the same time. Therefore, in this way, we successfully superimposed the ASP/PLGA coating onto the ICA loaded TiO2 nanotubes structure so as to obtain the established NT–ICA–ASP/PLGA substrate. In the future, we will further detect the interfacial adhesion strength between the coating and titanium substrate.



We have previously reported that ICA and TiO2 nanotubes structures could exert osteogenic effects synergistically [17]. In the present work, apart from its well-established osteogenic effect, we also intend to explore other functions of ICA. Although there is less report about this issue, it has been revealed that icariin could exert anti-inflammatory function [18]. Icariin and its derivate have demonstrated anti-inflammatory effects in macrophage cell lines, human myeloid cells, and a mouse model of inflammation. Additionally the anti-inflammatory effect was concomitant with a down-regulation of IL–10, IL–6 and TNF–α [19]. Other researchers also found that icariin possess significant therapeutic effect on rheumatoid arthritis (RA) clinically [9]. Moreover, the mechanism of icariin to prevent RA might be related to its immunoregulatory function, which was mediated through the decrease in the cell number of immune cells Th17. Additionally, icariin administration could inhibit IL–17 production [20]. Taking the above-mentioned factors into consideration, we attempt to discover the anti-inflammatory and immunoregulatory functions of ICA in this work. In the present study, during inflammation markers detection, we discovered decreased IL–1β gene expression and inhibited IL–1β and TNF–α protein levels on the NT–ICA and NT–ICA–ASP/PLGA surfaces, compared to Ti surface. Moreover, enhanced gene and protein levels of M2 phenotype markers TGF–β and HO–1 were also observed on ICA–loaded surfaces, compared with Ti and Ti–PLGA substrates. These results confirmed the anti-inflammatory and immunoregulatory functions of ICA.



Aspirin (ASP), a classic non-steroidal anti-inflammatory drug, remains the first-line clinical drug due to its good antipyretic and analgesic capabilities and extremely low drug side effects [65]. Some researchers showed that ASP down-regulate iNOS and TNF-α expression in macrophage cells in vitro and improve bone regeneration in vivo by inhibiting LPS-induced macrophage activation in the early stages of inflammation [66]. In addition, aspirin may be a promising option for preventing and curing osteoclastic bone destruction, including peri-implant osteolysis [67]. Another researcher also proved that on the surface of titanium primed with phase-transited lysozyme, a coating loaded with aspirin could promote osseointegration [68]. In our experiment, compared with Ti surface, NT–ASP/PLGA and NT–ICA–ASP/PLGA surfaces displayed decreased IL-1β gene level and reduced IL–1β and TNF–α protein levels, with upregulated TGF–β and HO–1 gene and protein expression levels, p < 0.05. As expected, our results confirmed the anti-inflammatory and immunoregulatory functions of ASP, with the established NT–ICA–ASP/PLGA substrate exhibiting decreased M1 inflammatory and increased M2 proregenerative effects at the same time.



It is well known that macrophages are the main effector cells of the inflammatory response, and have great plasticity. When stimulated by different signals, they can show a M1 or M2 phenotype [38,39]. The timely transformation of M1–type to M2–type macrophages effectively promotes the regression of inflammation and tissue repair [69,70]. Generally speaking, classically activated macrophages (M1) secrete a variety of proinflammatory factors, such as TNF–α, IL–1β, IL–6, etc. While the alternatively activated M2 phenotype macrophages generate anti-inflammatory or immunoregulatory cytokines such as TGF–β and IL–10 [71]. In addition, heme oxygenase HO–1, the derivable isoform of the heme-degrading enzyme HO, plays an important role in inflammation and immunoregulation of homeostasis. Myeloid HO–1 expression modulates macrophage polarization to M2 [72,73]. Furthermore, high HO-1 level increased the expression of osteonectin, OPG and BMP–2, and increase osteoblast function and differentiation [74]. In our experiment, down-regulated M1 proinflammatory and up-regulated M2 proregenerative genes and proteins expression were shown on the novel icariin/aspirin composite coating covered TiO2 nanotubes surface, compared with pure Ti surface. These results indicated that the NT–ICA–ASP/PLGA substrate revealed optimal ability, which could inhibit inflammation and enhance regeneration simultaneously, probably attributed to the synergistic effects of ICA and ASP.



Recently, osteoimmunomodulation (OIM) has been raised to emphasize the importance of immune response during osteogenesis at biomaterial–tissue interface. As the concept of OIM has been gradually accepted, more and more attention has been paid to the positive regulation of immune response at implant–tissue interface so as to accelerate implant osseointegration [75]. After implant insertion, inflammation should be properly regulated to achieve faster bone integration, particularly for patients who are suffering from systemic diseases, which were adverse to bone formation [76,77]. By regulating the early inflammatory response of macrophages, tissue repair can be enhanced, thereby promoting the early rapid formation of bone tissue around the implant.



In order to evaluate OIM, we firstly extracted conditioned media (CM) from macrophage cells incubated with various implant materials. Then the extracted CM was added to osteoblast cells to simulate the immune microenvironment around the implant site. Thus, the indirect coculture system composed of sample slices, macrophage CM and osteoblast cells is ready to evaluate the effects of immune cells on osteoblast differentiation. Our results suggested that in the coculture system, osteoblast cells on the NT–ASP/PLGA and NT–ICA–ASP/PLGA substrates displayed increased cell proliferation, compared with the other groups at day 5 and 7. Moreover, cells showed well–spread morphology on the NT–ICA–ASP/PLGA substrate, suggesting good cell adhesion on the modified substrate. In addition, we also detected the osteogenic gene and protein levels in the coculture system. During the osteoblast cell differentiation process, an early increase in alkaline phosphatase (ALP) was observed. Then followed by an augment in collagen type 1 and OPN, with osteocalcin expressed later [78]. We measured expression levels of the abovementioned four typical marker genes, including ALP, COL, OPN and OCN, which expressed at different stages of osteoblast differentiation and osteogenesis. As predicted, the highest gene levels were observed on the NT–ICA–ASP/PLGA substrate, implying the collaborative pro-osteogenic effect of ICA and ASP at the genetic level. Not only that, both ICA and ASP modified surfaces revealed relatively higher protein levels of osteogenic proteins than pure Ti surface. Especially, the NT–ICA–ASP/PLGA substrate demonstrated the highest expression levels for all of the osteogenesis-related proteins. It is well-accepted that enhanced gene and protein expression levels related to osteoblast cell differentiation may accelerate osseointegration at the implant–tissue interface. The advanced expression levels of both osteogenesis-related genes and proteins on the NT-ICA-ASP/PLGA substrate implied its superior ability to induce osteoblast cells differentiation. The optimal effect of the NT-ICA-ASP/PLGA substrate might be ascribed to the synergistic effects of ICA and ASP, which is in line with its excellent cell proliferation and adhesion results.




5. Conclusions


In view of the concept of OIM, it is especially to be expected to fabricate an implant material, which possesses both early immune regulatory property and long-term osteogenic ability. Both ICA and ASP are candidate drugs for implant surface modification with multiple function including anti-inflammation, immunoregulation and osteogenesis. Taken into consideration of the factors mentioned above, we constructed the NT–ICA–ASP/PLGA substrate. The novel substrate could trigger an effective and timely shift of macrophage from the inflammatory reaction stage to restorative stage. The established NT–ICA–ASP/PLGA surface endowed the modified surface with immunomodulatory function in macrophages and osteogenic effect in osteoblast cells at the same time. This study provides a very promising strategy for fabricating functionalized coating on titanium-based alloys to improve implant osseointegration.
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Figure 1. Macro surface morphology of various surfaces was observed under stereomicroscope (S9i; Leica Microsystem, Tokyo, Japan) and representative images were shown (10 ×). 
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Figure 2. Surface micromorphology images of different substrates were obtained with scanning electron microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany). Red and white arrows indicate icariin (ICA) and aspirin (ASP), respectively; 1000×, scale bar = 10 μm. Insets of images of NT and NT-ICA substrates were magnified SEM graphs (30,000×, scale bar = 200 nm). 
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Figure 3. X-ray photoelectron spectroscopy (XPS) analysis displaying chemical composition of different surfaces. 
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Figure 4. Contact angles of various surfaces. (A) Contact angle degree of different surfaces. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are expressed as mean ± SD, n = 3 replicates each group. (B) Images of contact angles on different surfaces. 
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Figure 5. In vitro release profile of ICA (A) and ASP (B) on the NT-ICA-ASP/PLGA surface. (a) Cumulative release amount curve. (b) Cumulative release percentage curve. (c) Daily release concentration curve. Data are expressed as mean ± SD (n = 3). 
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Figure 6. (A) ICA release behaviors in the first ten days. (B) ASP release behaviors in the first four days. (C) Sketch view of the NT–ICA–ASP/PLGA release system. 






Figure 6. (A) ICA release behaviors in the first ten days. (B) ASP release behaviors in the first four days. (C) Sketch view of the NT–ICA–ASP/PLGA release system.



[image: Coatings 10 00427 g006]







[image: Coatings 10 00427 g007 550] 





Figure 7. Real-time PCR results of interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-a), transforming growth factor-beta (TGF-β) and heme oxygenase-1 (HO-1) gene expression levels in the RAW 264.7 cells on different substrates after 3 days of incubation. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group. 
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Figure 8. ELISA results representing the RAW 264.7 cytokine secretion on different substrates after 3 days of culture. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group. 
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Figure 9. The CCK-8 results of MC3T3−E1 cells cultured on different surfaces for 1, 3, 5 and 7 days. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group. 
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Figure 10. Images of MC3T3−E1 cells showing the representative morphology on different substrates after 24 h of culture were obtained with scanning electron microscope (SEM, SU8010, Hitachi, Tokyo, Japan). The pseudo colored pink cells indicate morphology of MC3T3−E1 cells; 1000×, scale bar = 10 μm. 
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Figure 11. Real-time PCR results representing the gene expression levels of alkaline phosphatase (ALP), collagen type 1 alpha 1 (COL1A1), osteopontin (OPN) and osteocalcin (OCN) in MC3T3-E1 cells after 14 days of culture on different samples. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group. 
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Figure 12. (A) Western blot showing the protein expression levels of ALP, COL1A1, OPN and OCN and beta-Actin in MC3T3-E1 cells after 14 days of culture on different samples. (B) The corresponding gray-scale values of proteins levels in the 7 groups. Different lowercase letters indicate statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group. 
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Table 1. Primers for proinflammatory (M1) and proregenerative (M2) marker genes.
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Gene

	
Gene Bank ID

	
DNA Primer

	
Sequence

	
Size (bp)






	
TNF–α

	
NM_001278601.1

	
Forward

	
5’-TGCCTATGTCTCAGCCTCTTC-3’

	
117




	
Reverse

	
5’-GAGGCCATTTGGGAACTTCT-3’




	
IL–1β

	
NM_008361.4

	
Forward

	
5’-TGTGCAAGTGTCTGAAGCAGC-3’

	
129




	
Reverse

	
5’-TGGAAGCAGCCCTTCATCTT-3’




	
TGF–β

	
NM_011577.2

	
Forward

	
5’-TTGCTTCAGCTCCACAGAGA-3’

	
183




	
Reverse

	
5’-TGGTTGTAGAGGGCAAGGAC-3’




	
HO–1

	
NM_010442.2

	
Forward

	
5’-GCCGAGAATGCTGAGTTCATG-3’

	
86




	
Reverse

	
5’-TGGTACAAGGAAGCCATCACC-3’




	
GAPDH

	
NM_008084.3

	
Forward

	
5’-GGTGAAGGTCGGTGTGAACG-3’

	
233




	
Reverse

	
5’-CTCGCTCCTGGAAGATGGTG-3’
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Table 2. Primers for osteogenesis-related genes.
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Gene

	
Gene Bank ID

	
DNA Primer

	
Sequence

	
Size (bp)






	
ALP

	
NM_007431.3

	
Forward

	
5’-ATCTTTGGTCTGGCTCCCATG-3’

	
106




	
Reverse

	
5’-TTTCCCGTTCACCGTCCAC-3’




	
COL1A1

	
NM_007742.4

	
Forward

	
5’-TAAGGGTCCCCAATGGTGAGA-3’

	
203




	
Reverse

	
5’-GGGTCCCTCGACTCCTACAT-3’




	
OPN

	
NM_001204203.1

	
Forward

	
5’-CTCACATGAAGAGCGGTGAG-3’

	
174




	
Reverse

	
5’-TCTCCTGGCTCTCTTTGGAA-3’




	
OCN

	
NM_007541.3

	
Forward

	
5’-GGACCATCTTTCTGCTCACTCTG-3’

	
131




	
Reverse

	
5’-GTTCACTACCTTATTGCCCTCCTG-3’




	
GAPDH

	
NM_008084.3

	
Forward

	
5’-GGTGAAGGTCGGTGTGAACG-3’

	
233




	
Reverse

	
5’-CTCGCTCCTGGAAGATGGTG-3’
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Table 3. Chemical compositions of samples measured by XPS.
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	Substrates
	C%
	N%
	O%
	Ti%





	Ti
	47.19 ± 0.05
	3.57 ± 0.01
	39.27 ± 0.05
	9.97 ± 0.02



	Ti–PLGA
	61.17 ± 0.05
	0.34 ± 0.01
	38.49 ± 0.03
	0



	NT
	38.2 ± 0.03
	2.97 ± 0.01
	43.19 ± 0.03
	15.63 ± 0.02



	NT–ICA
	50.49 ± 0.03
	2.16 ± 0.01
	39.47 ± 0.02
	7.87 ± 0.02



	NT–ICA–PLGA
	90.66 ± 0.05
	0
	9.34 ± 0.02
	0



	NT–ASP/PLGA
	72.3 ± 0.05
	0
	27.71 ± 0.02
	0



	NT–ICA–ASP/PLGA
	64.53 ± 0.01
	0
	35.47 ± 0.05
	0











© 2020 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/).
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