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Abstract:



In this paper, we describe three-dimensional (3D) hierarchical graphene–hydroxyapatite hybrid bioscaffolds (GHBs) with a calcium phosphate salt electrochemically deposited onto the framework of graphene foam (GF). The morphology of the hydroxyapatite (HA) coverage over GF was controlled by the deposition conditions, including temperature and voltage. The HA obtained at the higher temperature demonstrates the more uniformly distributed crystal grain with the smaller size. The as-prepared GHBs show a high elasticity with recoverable compressive strain up to 80%, and significantly enhanced strength with Young’s modulus up to 0.933 MPa compared with that of pure GF template (~7.5 kPa). Moreover, co-culture with MC3T3-E1 cells reveals that the GHBs can more effectively promote the proliferation of MC3T3-E1 osteoblasts with good biocompatibility than pure GF and the control group. The superior performance of GHBs suggests their promising applications as multifunctional materials for the repair and regeneration of bone defects.
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1. Introduction


Although bone transplantation, especially autologous bone graft, is considered as a ‘gold standard’ for the repairing of bone defect, but there are still some challenges limiting its clinical applications, such as limited bone mass, obvious pain in bone sites, infection, and even immune rejection [1]. The state-of-the-art three-dimensional (3D) macroporous scaffolds with similar structures of natural bone (e.g., polylactic acid [2], bioactive glass [3], and polycaprolactone [4]) have been widely used as repairing materials for bone defects. Recently, graphene, as a typical two-dimensional (2D) crystal material with one atomic thickness, has been reported regarding its unprecedented properties on mechanical strength (Young’s modulus ~ 1.0 TPa), electrical conductivity (1.0 × 108 S cm−1), specific surface area (2630 m2/g), biochemical modification, and biocompatibility. In particular, 3D graphene foam (GF) achieves scale-up construction and extending application of graphene on macroscopic scale, which has demonstrated its great potential as a bioscaffold for tissue repair with hierarchical pore structures (100–300 μm), robust structure, and good cell conduction/induction properties [5,6]. In addition, the cross-linked framework in GF provides the possibility for further chemical modifications, such as the deposition of biologically active substances calcium phosphate. For instance, Cheng et al. reported a 3D graphene for the regeneration application of neural stem cells, providing a promising option for neural tissue engineering and neural prostheses [7]. Sung et al. selected 3D porous graphene substrate for human mesenchymal stem cells, which reveals that graphene monoliths can maintain stem cell viability [8]. Huo et al. applied 3D graphene scaffolds loaded with bone marrow for skin wound healing with good biocompatibility [9]. Estrada et al. used electrical stimulus on porous graphene framework as 3D biocompatible platform initiating myotube contraction [10]. Sonkusale et al. presented 3D graphene template for cardiac tissue engineering, which can realize in situ recording of related electrical activity [11]. Huang et al. fabricated a biomimetic graphene network-based 3D tissue, showing long-term cell culture and sensitive monitoring of electrochemical sensing performance.



Specifically, for bone tissue engineering and regeneration, hydroxyapatite (HA) is considered as one of the most popular inorganic components within natural bone. At present, the research community has successfully prepared HA or calcium phosphate (CP) modified composites for the repairing of bone defects [12,13,14]. Hydroxyapatite–calcium phosphate (HCP) modified scaffolds enable the promotion of the integration of biomaterials with peripheral bone tissue and serve as templates for osteoblast growth, which are more pronounced than single HCP composite [12]. However, there is still a challenge in the preparation of HCP on the expected bioscaffold with controlled morphology and robust structure. Many publications have reported 3D pore-shaped composites by mixing organic or inorganic polymeric materials with CP [15,16]. Due to complex preparation processes of these methods, it is difficult to control the uniformity of the HCP structure. Furthermore, HCP is mostly coated inside the substrate, which severely hinders direct contact with the cells [15]. Hereinto, electrochemical deposition is considered as a selective method for accelerating mineralization due to controllable fabrication on the microstructure by changing the conditions of the electrochemical deposition process [17,18,19]. The mineralization on carbon-based 3D scaffolds has validated the promotion of proliferation of cell cells and inducing osteogenic differentiation of mesenchymal stem cells [19], which reveals that electrochemical deposition techniques enable the controllable mineralization of HCP-like materials on 2D and 3D substrates. Thereinto, there are still rare reports that achieve mineralization fabrication of HCP onto GF with the structure of mineral salts optimized by changing the electrochemical deposition conditions. Therefore, it is of importance to explore a simple method for the preparation of controlled HCP over the surface of the 3D GF scaffolds for biological applications.



In this paper, we highlight electrochemical deposition as an effective approach to obtain 3D graphene–hydroxyapatite hybrid bioscaffolds (GHBs) with mechanical robust structures. The CP salt was uniformly mineralized on the GF substrate. The corresponding morphologies and microstructures were characterized by scanning electron microscopy (SEM). The crystal structure of as-obtained HCP coverage on GF was further analyzed by X-ray diffraction (XRD). Finally, the GF and MC3T3-E1 osteoblasts were co-cultured before and after mineralization, respectively. The biological behaviors including biocompatibility, cell adhesion, and proliferation were systematically evaluated to investigate the potential of the GHB scaffolds in the repair of bone defects.




2. Materials and Methods


2.1. Materials


NF was purchased from Elaine Hi Tech Co., Ltd. (Dalian, China); PMMA, fetal bovine serum (FBS), dimethylsulfoxide, and Triton-X were purchased Sigma-Aldrich-China. FeCl3, HCl, Ar, H2, CH4, Ca (NO3), NaNO3, and NH4H2PO4 were all obtained from local suppliers (Lanzhou, China) and used as received.




2.2. Sample Preparation


Preparation of the 3D GF: The GF was first fabricated by chemical vapor deposition (CVD) on a nickel foam (NF) substrate with methane gas as the carbon source. Briefly, NF was washed with anhydrous ethanol and deionized water for 10 min to remove the debris from the surface. The dried NF sample by the size of 20 × 20 × 1.6 mm3 was placed in a quartz tube of a CVD furnace for the preparation of GF. Under vacuum conditions, Ar (100 cm3/min), H2 (100 cm3/min), and CH4 (100 cm3/min) were alternately introduced, and the CH4 was turned off at 900 °C for 5 min. The temperature was then rapidly cooled to room temperature to obtain 3D graphene–nickel foam (GF–NF) composite. Then, the 3D GF–NF was coated within PMMA solution (0.8 wt.%) for 10 min, and then baked at 100 °C to make PMMA coating become cured. Subsequently, the NF template was etched with a mixture of hot FeCl3–HCl (1 mol L−1/1 mol L−1). Finally, the obtained GF–PMMA composite was annealed at 450 °C for 2 h to remove PMMA using hot acetone.



Preparation of the 3D GHBs: During the electrochemical deposition of CPH composite, the silver electrode and platinum electrode were used as the reference electrode and the control electrode, respectively. The as-prepared 3D GF (20 × 10 × 1.6 mm3) was served as the working electrode. The electrolyte is consisted of 0.042 M Ca (NO3), 0.1 M NaNO3, and 0.025 M NH4H2PO4 [19]. The ultrasonic treatment was carried out at room temperature for 30 min to ensure the full dissolution of the calcium phosphate at pH value of 4.2 by dilute hydrochloric acid. In the thermostat, the mineralization of HCP on GF was conducted for 30 min by adjusting the reaction conditions, such as temperature and voltage. There are three groups controlling parameters selected as 30 °C/−1.4 V, 60 °C/−1.4 V, and 30 °C/−2.1 V to investigate the effects on HCP’s morphologies. The final obtained graphene–HCP hybrid bioscaffold is noted as GHB in brief.




2.3. Characterization and Measurements


Characterization: The surface morphologies and chemical composition of 3D GF and GHBs were characterized by SEM (JSM-6701F, JEOL, Tokyo, Japan), XRD (D/max-2400, Rigaku, Tokyo, Japan), Raman spectroscopy (HR-800, Jobin Yvon, Edison, NJ, USA), and TEM (Tecnai G2 F30, FEI, Hillsboro, OR, USA). AO–EB double staining is observed with an inverted fluorescence microscope (BX53, OLYMPUS, Tokyo, Japan). Electrochemical deposition system (CHI 660E, Chenhua Instrument Co., Shanghai, China) was used to conduct mineralization of HCP on GF. The total protein content was measured by the Alkaline Phosphatase Assay Kit (Near Infrared, Abcam, Shanghai, China). Statistical analysis was performed using SPSS version 12.0. Mechanical compressibility was measured using a material test machine (MTS-810, MTS, Eden Prairie, MN, USA) with loading rate of 1 mm min−1.



MTT assay: MC3T3-E1 was cultured at 37 °C and 5% CO2 ventilated with Dulbecco’s modified eagle medium containing 10% FBS, and the related culture medium was renewed every day. The 3D GF and GHBs were prepared by the size of 8.0 × 8.0 ×1.6 mm3 and irradiated with ultraviolet light for 24 h. The samples were then placed in 24-well plates, and the MC3T3-E1 cells (105 cells/well) with logarithmic growth phase were implanted and co-cultured with the scaffold materials. The 100 μL MTT solution was added to each well at the indicated time (1st, 2nd, and 4th days) and incubated in the incubator for 4 h. Finally, both culture plate and the original culture medium were removed. The 200 μL dimethylsulfoxide was added to each well. The blue-violet crystals were completely shaken with the absorbance of each well measured by a microplate reader at a wavelength of 490 nm. Each group was repeated three times and averaged to eliminate the possible testing errors.



AO–EB double staining: The MC3T3-E1 cells (1 × 106 cells) were implanted into the 24-well plates and cultured with the scaffolds of GF and GHB, respectively. On the 2nd and 4th days, all samples were washed three times with PBS. Then, dehydration was conducted using anhydrous alcohol for 3 min, and stained with AO–EB mixed solution (100 μg mL−1/100 μg mL−1) for 1 min in a dark environment. The sample was then quickly placed on a glass slide and observed with an inverted fluorescence microscope.



ALP assay: The ALP activity assay was performed on days of 3, 7 and 14 to evaluate the early osteogenic differentiation of MC3T3-E1 cells that were cultured on the prepared scaffolds of GF and GHB, respectively. In detail, after a pre-determined incubation time period, the cell–scaffold constructs were washed three times with phosphate buffer saline (PBS) to remove the medium. An amount of 150 μL of 0.05% Triton-X was injected into each hole to implement cyclic freeze-thaw processes. Then, 100 μL of substrate buffer solution and 20 μL of sample were added to each hole on a 96-hole plate, which was shaken for 1 min on a microplate shaker and incubated for 15 min at 37 °C. After 80 μL reaction stop solution was used, the sample was mixed to be uniform on the microplate shaker for 1 min. Finally, the absorbance at 405 nm was measured using a microplate reader.





3. Results and Discussion


3.1. Structural Characterization of 3D GF


The GF was first fabricated via chemical vapor deposition (CVD) on a nickel foam (NF) substrate with methane gas as the carbon source. Briefly, the surface-cleaned NF sample was placed in a quartz tube. Under vacuum conditions, Ar, H2, and CH4 were alternately introduced by the volumetric ratio of 1:1:1. The obtained 3D graphene–nickel foam composites were then coated by polymethylmethacrylate (PMMA) solution. Subsequently, the NF template was chemically etched with a mixture of hot FeCl3–HCl. Finally, the obtained GF–PMMA composite was annealed at 450 °C for 2 h to remove PMMA using hot acetone. Figure 1a exhibits the SEM image of the NF scaffold with a pore size of 100–300 μm. The surface of the NF skeleton presents a rough morphology. The resulting 3D GF–NF composite exhibits continuous networks with a well inter-connected graphene coating over the NF micro-branches; this porous composite presents good structural robustness and high porosity (see Figure 1b). After completely etching the nickel and PMMA, the resulting pure GF maintains the original morphologies of NF with robust structure and consists of hollow branches. The few-layered graphene sheet grown conformably along with the original waved NF morphologies show flake-like features by the average size of 4 × 8 μm (see Figure 1d).


Figure 1. The microstructural characterizations. (a) SEM micrographs of nickel foam NF. (b) 3D GF/NF composite. (c) GF consisting of hollow micro-branches after NF and PMMA etching. (d) The flake-like graphene coverage. (e) The Raman spectrum of GF. (f) The comparative XRD patterns of GF and GF/NF composite. NF, nickel foam; GF, graphene foam; PMMA, polymethylmethacrylate.
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The structures of both GF and GF–NF are further characterized by Raman and XRD. As shown in Figure 1e, the intensive peak of D-band and relatively high D-band to G-band ratio (ID/IG ≈ 0.75) for Raman test demonstrate that the CVD synthesized 3D GF has high quality and a non-trivial amount of defects [20]. In addition, the sharp peak of 2G-band indicates a few-layered structure of GF [20]. Figure 1f shows the XRD results of the GF before and after etching the nickel substrate. Before the etching of the NF template, typical peaks are observed at positions of 44.6°, 52.3°, and 76.8°, corresponding to the characteristic diffraction peaks of the nickel metal (JCPDS NO. 78-0643), respectively [21,22]. After etching the nickel template, there are no nickel metal-related peaks appeared, indicating that the NF has been completely removed. The single peak on GF at 24° indicates the existence of pure 3D GF [22]. Comparing to those of state-of-the-art graphene monoliths prepared via hydrothermal or self-assembly, the CVD-fabricated GF has the same outstanding mechanical and pliable properties, and even better electrical conductivity due to well-interconnected scaffolds and low defects graphene sheets [23,24].




3.2. Mineralizing Evolution of GHBs Microstruture and Chemical Compostion


As shown in Figure 2a–c, the surface of the GF scaffold was mineralized with electrodepositing conditions of −1.4 V and 30 °C for 30 min. The related SEM images at different scale bars (200, 50, and 5 μm, respectively) show that the CP composite is conformably covered on the surface of micro-branches within the GF substrate. Although the pore size of GF is slightly reduced, there is no hole-blocking phenomenon that occurred. The high magnification image demonstrates the lamellar-featured structure of the CP composite on multiscale with the average thickness of 3.6 ± 0.5 μm and the diameter of several tens of millimeters. In addition, the effect of electrodepositing conditions on the morphologies of CP composite was further investigated at different temperature of 60 °C (−1.4 V/60° C for 30 min), as illustrated in Figure 2d–f. Interestingly, besides the same uniform and laminar deposition of CP composite, there are significant differences of the morphologies with more regular and smaller grain size appeared, leading to further increases of density and toughness for the mineralized GF.


Figure 2. SEM images of graphene–hydroxyapatite hybrid bioscaffolds (GHBs) for different electrodeposition conditions. (a–c) 30 °C and −1.4 V for 30 min. (d–f) 60 °C and −1.4 V for 30 min. (g–i) 30 °C and −2.1 V for 30 min.
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As another influencing factor for electrochemical deposition, the voltage value also affects the morphology of the CP composite. The comparing case under the conditions of −2.1 V and 30 °C for 30 min shows similar lamellar structure, but the size of the CP grain is tending to be more uniform (about 70–80 μm) than those of other two cases (see Figure 2h–i). The mechanism for CP morphologies depending on mineralization conditions is because the larger cathode constant voltage and the current density can promote the growth of calcium and phosphorus crystals. Such performance can offer a novel way to mediate the structural morphology of the mineralized coating by adjusting the conditions of electrodeposition, facilitating controllable fabrication of CP mineralization with the expected prior properties. In addition, as shown in Figure 3a–c, the TEM images show that the CP composites possess flaky micrograph with laminar-like crystal structures by different sizes, which is consistent with the results obtained by SEM characterizations as demonstrated in Figure 2.


Figure 3. TEM micrographs of GHBs with similar deposition conditions. (a) 30 °C and −1.4 V for 30 min. (b) 60 °C and −1.4 V for 30 min. (c) 30 °C and −2.1 V for 30 min.
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Furthermore, XRD was also utilized to characterize the crystal properties of the CP composite, which is coated on the surface of GF scaffold though electrochemical depositions, as shown in Figure 4. For each electrodeposition condition, a broad peak presents between the 2θ angles of 15° to 30° in the XRD data. However, it is not obvious for case of −1.4 V/60 °C and −2.1 V/30 °C, because the diffraction peaks of the CP composite are too strong to mask that of the graphene. The related peaks for CP composite are at 25.87°, 32.19°, 34.05°, and 50.49°, respectively, which are consistent with hydroxyapatite (HA) standard peaks (002), (112), (202), and (321) corresponding to JPCDS: 09-0432 [25]. The 2θ angles peaked at 25.85°, 29.22°, 30.74°, and 32.32° are consistent with octacalcium phosphate (OCP) standard peaks (−421), (−330), (6−11), and (−222) (JPCDS: 79-0423) [24], while the 2θ angle centered at 32.75° and 34.21° agrees with tricalcium phosphate (TCP) standard peaks (190) and (290) (JPCDS: 29-0359) [26]. In general, the CP composite obtained by electrodeposition under such condition is a mixture of OCP, TCP, and HA. Comparatively, the CP crystal properties deposited at different temperature (60 °C) and voltage (−2.1 V) were validated by XRD results (Figure 2c) with the number of peaks and related intensity greatly increased. Thereinto, the maximum peak of CP deposition formed at 60 °C indicates better crystallinity. Both OCP and TCP are considered as the precursors of HA formation, especially as OCP displays an essential role as biological salts in bone and teeth tissues. Previous studies have shown that OCP and TCP can transition to HA during the process of regulating local pH from acidic to alkaline [27]. Therefore, the change of pH value around the cathode electrode can cause supersaturation of the solution, leading to deposition of CP [28]. In this experiment, it is validated that the electrochemical deposition method can be used to prepare high purity calcium and phosphorus composites (e.g., OCP, dicalcium phosphate (DCP), and HA) on the surface of 3D GF by uniformly coated deposition.


Figure 4. The comparative XRD results of electrochemical disposition of the calcium phosphate (CP) composite on GF under different fabrication conditions.
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3.3. MTT Assay


Biologically, HA can promote the integration of biomaterials with surrounding bone tissue; the 3D GHBs prepared at −1.4 V/60 °C for 30 min were used for further cytological detection. The cell viability and proliferation rate of MC3T3-E1 osteoblasts on the surface of 3D GF and 3D GHB scaffolds were evaluated by MTT assay. The MTT concerns and quantifies the biocompatibility and/or cytotoxicity, which is normally needed for 96 h (4 days) to get the final evaluation. Briefly, MC3T3-E1 was firstly cultured at 37 °C and 5 % CO2, and GF and GHB samples with a size of 8.0 × 8.0 × 1.6 mm3 were irradiated with ultraviolet light for 24 h. The MC3T3-E1 cells (105 cells/well) were then added to the 24-well culture plates and co-cultured with the scaffold materials. Eventually, the blue-violet crystals were completely shaken with the absorbance of each well measured by a microplate reader at a wavelength of 490 nm. As shown in Figure 5, on the 1st day of co-culture, the cell proliferation was slightly inhibited as compared with the control group. On 2nd day, the number of cells increased significantly, indicating both scaffolds without early cytotoxicity. On the 4th day, the enhancement rates of MC3T3 osteoblasts on the surface of the two scaffolds were 1.68 and 2.16 times higher than that of the control group, respectively. Moreover, the number of cells on the surface of the GHB scaffolds is higher than that of the GF scaffolds throughout the incubation period (except for the 1st day), which reveals the crucial role of CP composite (OCP, TCP, and HA) in regulating cell proliferation. Besides this, the dimension is another possible reason to influence the cell amount, which reveals the necessity to construct the 3D GF and GHBs for tissue regeneration engineering.


Figure 5. Comparison proliferation rate of the MC3T3-E1 cells after being cultured with 3D GF and GHB scaffold at 1, 2, and 4 d. Asterisk (*) indicates the significance with p < 0.05, and the error bar represents the standard deviation.
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3.4. Acridine Orange–Ethidium Bromide (AO–EB) Double Staining


The health status and cytostatic activity of MC3T3-E1 cells were evaluated by acridine orange–ethidium bromide (AO–EB) double staining assay. Studies have shown that AO reagents can only penetrate into the living cells with the fluorescence appearing as green color, while EB only penetrates into dead cells to be orange-red [29]. Figure 6 shows the AO–EB staining fluorescence images of MC3T3-E1 cells co-cultured on 2nd day and 4th day, where the cells in the all pictures are almost green. The number of cells within both 3D GF and GHBs increase with the prolongation of culture time (2–4 d). Comparatively, the 3D GHBs demonstrate the higher densities of cells on the surface than that of the GF throughout the whole incubation period, which is consistent with the MTT results. Such prior performance validates that both kinds of scaffolds do not have cytotoxicity and can offer compatible substrate for cell adhesions. Therefore, it is necessary to show that 3D GHBs are more capable of promoting the proliferation of MC3T3-E1 cells.


Figure 6. Fluorescence microscope images of the MC3T3-E1 cells after acridine orange–ethidium bromide (AO–EB) double staining. (a) and (b) 2nd and 4th days on 3D GF, respectively. (c) and (d) 2nd and 4th days on 3D GHBs, respectively.
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3.5. Alkaline Phosphatase (ALP) Experiments


The osteogenic differentiation ability of the graphene scaffold before and after mineralization was evaluated though the alkaline phosphatase (ALP) experiment, which was performed on 3rd, 7th, and 14th days. In detail, each hole was added with 150 μL of 0.05% Triton-X and implemented cyclic freeze-thaw processes. A mixture of substrate buffer solution and sample was added onto a 96-hole plate to incubate for 15 min at 37 °C. After reaction stop solution was added, the absorbance at 405 nm for finial uniform sample was measured. As shown in Figure 7, the ALP activity of MC3T3-E1 cells on the surface of both kinds of graphene-based scaffolds (3D GF and GHBs) before and after mineralization increases gradually, except for the control group (p < 0.05). At the 7th day after cell implantation, the 3D GHBs have higher ALP activity than that of the GF and control groups, which become more significant on the 14th day (p < 0.05). Those results showed that GHBs could induce the differentiation of osteoblasts MC3T3-E1 into mature osteoblasts, because the mineral salt coating promotes MC3T3-E1 cells to differentiate into osteoblasts in vitro.


Figure 7. Alkaline phosphatase (ALP) activity of MC3T3-E1 cells cultured on 3D GF and GHBs for 3rd, 7th, and 14th days, respectively.
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3.6. Mechanially Robust Performance


As shown in Figure 8a, the GHB sample was loaded by with a compression strain up to 80%. The strain vs. stress curve presents non-linear elastic deforming mechanism during compression. The highly porous GHB sample can be compressed into a thin ‘pancake’ with maximum strength up to 747 kPa corresponding to the compressive strain of 80% (see Inset of Figure 8a). Then, the compacted GHB scaffold recovers back to its original porous status, indicating an excellent robustness for structure undergoing a large-scale deformation. Comparatively, as the CP composite coated on GF template after the mineralizing process, the as-obtained GHB sample exhibits significantly increased strength and toughness with effective Young’s modulus of 0.933 MPa, which is over two orders higher than that of GF (~7.5 kPa) [16]. Moreover, as the promising bioscaffolds for cell attaching and creeping, the GHBs are required to not only possess a good mechanical elasticity, but also have tough capability maintaining structural stability during cultivation-transfer processes. As shown in Figure 8b, the original dry and stiff GHB sample was wetted in culture solvent, then transferred away with the structure keeping tough and robust. Such superior performance of GHBs resisting large deformation and tension-force-induced shrinkage enables them to be used widely as bio-compatible scaffolds.


Figure 8. (a) The comparative mechanical compression test of GHB samples with maximum strain up to 80%. Inset is the snapshots during compression. (b) The validation of mechanical robustness of GHB sample during operation in solvent conditions.
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4. Conclusions


In this article, we highlight the hydroxyapatite–calcium phosphate (HCP) salt coating on the surface of 3D GF by electrochemical deposition. The crystal morphologies of the mineral salt can be adjusted by changing the reaction temperature (e.g., 30 and 60 °C) and the applied voltage (e.g., −1.4 and −2.1 V). In particular, the mineral HCP salts obtained at the higher temperature present smaller and more uniform crystal grains. The as-obtained GHBs present highly robust structure under large compressing deformation or wetting processing in culture solvent. In addition, co-culture with MC3T3-E1 cells shows good biocompatibility of both 3D GF and GHBs. In particular, 3D GHBs can promote the proliferation of MC3T3-E1 osteoblasts, which is 2.16 times that of the control group on the 4th day, which is better than the 3D GF group and the control group. The combination of biocompatibility and bone conduction properties suggests promising application of 3D GHBs as a multifunctional material for stereoscopic bio-scaffold cultivation, implantable organ, bone tissue repair, and skin healing to those of clinical patients suffering with soft tissue deformities, congenital disability, comminuted fracture injury, burning hurt, etc.
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