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Abstract

:

Magnesium (Mg)-based alloys have the potential for bone repair due to their properties of biodegradation, biocompatibility, and structural stability, which can eliminate the requirement for a second surgery for the removal of the implant. Nevertheless, uncontrolled degradation rate and possible cytotoxicity of the corrosion products at the implant sites are known current challenges for clinical applications. In this study, we assessed in vitro cytotoxicity of different concentrations (0 to 50 mM) of possible corrosion products in the form of magnesium oxide (MgO) and magnesium hydroxide (Mg(OH)2) nanoparticles (NPs) in human fetal osteoblast (hFOB) 1.19 cells. We measured cell proliferation, adhesion, migration, and cytotoxicity using a real-time, label-free, non-invasive electric cell-substrate impedance sensing (ECIS) system. Our results suggest that 1 mM concentrations of MgO/Mg(OH)2 NPs are tolerable in hFOB 1.19 cells. Based on our findings, we propose the development of innovative biodegradable Mg-based alloys for further in vivo animal testing and clinical trials in orthopedics.






Keywords:


cytotoxicity; human fetal osteoblast (hFOB) 1.19 cells; electric cell-substrate impedance sensing (ECIS) system












1. Introduction


Magnesium (Mg)-based alloy has a potential advantage as a biodegradable material due to its biocompatibility and structural stability in orthopedic implant applications [1]. The biodegradable implant degrades in the physiological environment of the body after healing the diseased tissues and bone fractures [2]. Thus, it can eliminate a need for a second surgery to remove the implant. However, studies suggest that Mg-based screws and plates corrode at a very fast rate in an in vivo environment, producing subcutaneous gas cavities [3,4]. Disparity between in vitro and in vivo study results are also reported due to the different corrosive environments [5,6]. Therefore, there is a requirement to understand the cytotoxicity of the possible corrosion products for the future development of innovative Mg-based alloys in orthopedics [7].



Magnesium (Mg2+) is the most important bivalent ion associated with the physiological functions of the body and participates actively in maintaining the cellular homeostasis [8,9,10]. Magnesium partakes in more than 300 biochemical reactions, mostly associated with the regulation of ion channels, intracellular signaling, and oxidative phosphorylation [11]. Studies suggest that approximately 53% of total body magnesium is stored in the bones [12,13,14,15,16,17]. Deficiency of magnesium affects the metabolism of the skeleton, which inhibits bone growth and formation of new osteoblast cells, resulting in bone brittleness [8,18,19,20,21,22,23,24,25,26,27,28]. There are many study reports on Mg-based biodegradable orthopedic implants; however, the real-time concentration-based toxicity of the corrosion products in the form of magnesium oxide (MgO) and magnesium hydroxide (Mg(OH)2) nanoparticles (NPs) that might be released during the implant degradation process is not known.



In this study, we assessed the cytotoxicity of randomly selected different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells [7] using a real-time electric cell-substrate impedance sensing (ECIS) system. With this ECIS system, cell adhesion and proliferation have been evaluated quantitatively by the generated impedance relative to the time to measure the cytotoxicity. Studies suggest that bone hemostasis is affected by the pH [29]; therefore, this study also assessed the change in the pH to measure the cytotoxicity in hFOB 1.19 cells in response to the different concentrations of MgO/Mg(OH)2 NPs. As an outcome of this novel real-time in vitro ECIS study, we report our findings for an allowable concentration of MgO/Mg(OH)2 NPs that might be released from Mg-based biodegradable alloys for its applications in future in vivo studies of orthopedic implants.




2. Materials and Methods


2.1. Materials


We purchased magnesium oxide nanoparticles (MgO NPs) (nanopowder, < 50 nM particle size; Cat# 549649-5G) and magnesium hydroxide nanoparticles (Mg(OH)2 NPs) (nanopowder, < 100 nM particle size; Cat# 632309-25G) from Sigma-Aldrich, Milwaukee, WI, USA, based on our previous study [7]. Before conducting ECIS experiments, MgO/Mg(OH)2 NPs were sterilized through ultraviolet (UV) rays [7].




2.2. Cell Culture


In our experiments, a human osteoblast hFOB 1.19 cell line (SV40 large T antigen transfected; American Type Culture Collection) (Cat# ATCC® CRL-11372™, Manassas, VA, USA) were cultured in complete growth media based on our previous study [7]. Complete growth medium contained a 1:1 mixture of Ham’s F12 medium with L-glutamine (Cat#10-080-CV, Cellgro, Manassas, VA, USA) and Dulbecco’s Modified Eagle’s Medium with 4.5 g/L glucose and sodium pyruvate without L-glutamine and phenol red (Cat# 17-205-CV, Cellgro, Manassas, VA, USA), supplemented with 0.3 mg/mL gentamicin sulfate (Cat# 17-518Z, Lonza, Walkersville, MD, USA) and 10% fetal bovine serum (heat-inactivated at 56 °C) (Cat# S1105H, Atlanta Biologicals, Flowery Branch, GA, USA) [7]. Cells were maintained under standard cell culture conditions (37 °C, 5% CO2) with humidified air and were utilized after three passages [7].




2.3. Impedance Measurement


ECIS system was utilized to study the concentration-based cytotoxicity of MgO/Mg(OH)2 NPs in hFOB 1.19 cells [7] as an alternative to the trial-and-error of animal testing. Here, array type 8W1E PET (Applied Biophysics, NY, USA) consisting of eight wells, each well with a single circular 250 μm diameter active gold electrode, was used for ECIS. Arrays were attached to the ECIS system (Model ECIS Zθ, Applied Biophysics, NY, USA), and alternative current (I) of 4000 Hz was applied to the eight-well sensing electrodes. A voltage (V) across the electrodes created an impedance (Z), which was measured by Ohm’s law (Z = V/I). With the morphological changes in hFOB 1.19 cells in response to different concentrations of MgO/Mg(OH)2 NPs [7] in the arrays, impedance was measured.



After the third passage of the hFOB 1.19 cells in a complete growth media, 400 μL of the cells (5000 cells/well) were seeded in two sets of eight-well arrays for control and experimental groups. Arrays were incubated under standard cell culture conditions (37 °C, 5% CO2) with humidified air for 24 h [7]. After 24 h, different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs [7] were exposed to the respective wells of the arrays, followed by incubation for another 24 h. Impedance was measured after 24 h of MgO/Mg(OH)2 NP exposure.




2.4. Fluorescence Microscope


The digital inverted fluorescence microscope (EVOS XL, Life Technologies) was utilized to observe the live images of hFOB 1.19 cells upon exposure to MgO/Mg(OH)2 NPs for 24 h on the microelectrodes of the arrays. The fluorescence microscope was utilized because of the unique high resolution and high sensitivity of the camera.




2.5. The pH Measurement


After treating the hFOB 1.19 cells with different concentrations of MgO/Mg(OH)2 NPs, pH values of the control and experimental groups was measured at 24 h. The pH values were measured with a pH meter (Oakton® pH2100, Eutech Instruments, Singapore) to evaluate the cytotoxicity of MgO/Mg(OH)2 NPs in a time- and concentration-dependent manner.




2.6. Statistical Analysis


Impedance with respect to time was measured by the one-way analysis of variance (ANOVA) technique by GraphPad Prism version 5.0 software (GraphPad Software, Inc., San Diego, CA). The change in the pH of media of control and experimental groups for MgO/Mg(OH)2 NPs were also statistically analyzed by one-way ANOVA techniques. Data are presented as mean ± SEM.





3. Results and Discussion


A real-time ECIS monitoring was used for assessing the cytotoxicity of different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells. With this sensitive and robust system, impedance was generated with respect to the time to quantify the morphological changes in hFOB 1.19 cells after the treatment. This result provides an allowable concentration of MgO/Mg(OH)2 NPs in hFOB 1.19 cells. Based on these real-time study results, we propose the development of sustainable, biodegradable Mg-based alloys for future in vivo testing in orthopedics.



3.1. The Confluence of hFOB Osteoblast Cells


Osteoblast differentiation is observed by the stages of cell proliferation, matrix maturation, and mineralization [30]. In addition, in vitro matrix maturation and mineralization increase with the complete confluence of the cells [31].



The results illustrated in Figure 1 shows that after seeding hFOB 1.19 cells for 24 h, the size of the cells changed from round to elongated due to cell differentiation and maturation, and there was approximately 20–30% confluency. After the first passage, cells were proportionately spread and approximately 30–40% confluent with a few dead cells at 48 h. After the second passage, cells were spread and approximately 50–60% confluent, with a reduced number of the dead cells at 72 h. However, after the third passage, cells were elongated, spread, and approximately 70–90% confluent, with a negligible number of dead cells at 96 h. These optimally confluent hFOB 1.19 cells provided a suitable condition for the assessment of cytotoxicity upon exposure to different concentrations of MgO/Mg(OH)2 through the real-time ECIS monitoring system.




3.2. The Response of hFOB Osteoblast Cells on ECIS after Treatment


The images of hFOB 1.19 cells after treatment with different concentrations (0, 1, 5, 10, and 50 mM) of MgO and Mg(OH)2 NPs at 24 h on a transparent single circular 250 μm diameter active gold electrode of the ECIS system are shown in Figure 2 and Figure 3, respectively. Results in Figure 2 show that after treating hFOB 1.19 cells with 0 mM of MgO NPs at 24 h, cells proliferate, spread, and adhere to the electrode, maintaining a confluent monolayer. At the lower concentration (1 mM) of MgO NPs, hFOB 1.19 cells show similar proliferation as that of the control group (0 mM), representing normal hemostasis of the cells. However, at the concentrations of 5, 10, and 50 mM of MgO NPs, the subsequent reduction in cell number was observed.



Results in Figure 3 show that after treating hFOB 1.19 cells with 0 mM of Mg(OH)2 NPs at 24 h, cells proliferate, spread, and adhere to the electrode and maintain the uniform monolayer. At the lower concentration (1 mM) of Mg(OH)2 NPs, hFOB 1.19 cells show adhesion; however, the reduction in cell growth was observed as compared to the control group (0 mM). With the concentrations of 5 and 10 mM of Mg(OH)2 NPs, subsequent reduction in cell growth and number of the live cells was observed. With the exposure of the 50 mM concentration of Mg(OH)2 NPs on the hFOB 1.19 cells, a drastic reduction in the cell growth was observed.



Comparing the reactivity of hFOB 1.19 cells in response to the exposure of 50 mM concentrations of MgO and Mg(OH)2 NPs for 24 h, results depict major reduction in cell proliferation and spread for Mg(OH)2 NPs.




3.3. ECIS Measurement


ECIS results are shown in Figure 4 and Figure 5 in response to the exposure of different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs, respectively, on hFOB 1.19 cells. Cells were utilized after three passages to obtain high throughput results through ECIS experiments. Cells were incubated for 24 h on microelectrodes of the ECIS array for the control group (0 mM) and the experimental groups (1, 5, 10, and 50 mM) to evaluate the cytotoxicity of different concentrations of MgO/Mg(OH)2 NPs upon exposure. Figure 4 and Figure 5 illustrate an increase in impedance at 24 h due to the cell proliferation and formation of the monolayer of the cells. Further, a drop in the impedance for an hour has been observed after 24 h in the samples due to the change of the culture media of the control group and the experimental groups before exposure of the concentrations of MgO/Mg(OH)2 NPs.



Figure 4 shows the ECIS impedance response to hFOB 1.19 cells upon exposure of different concentrations of MgO NPs for 24 h. At a 0 mM concentration of MgO NPs, a constant monolayer of cells was observed due to rapid cell proliferation, resulting in an increase impedance that saturated at 8700 Ω after 24 h. For the lower concentration (1 mM) of MgO NPs, increased cell proliferation and formation of a monolayer of cells have been observed, which resulted in an increased impedance that saturated at 8600 Ω after 24 h. Nearly similar impedance results for 1 mM concentrations of MgO NPs and control group (0 mM) indicates the negligible amount of cytotoxicity to the hFOB 1.19 cells. However, at concentrations of 5, 10, and 50 mM, a subsequent decrease in the impedance to 8300.4, 8200, and 8080 Ω was reported, respectively, as compared to control group (0 mM) and 1 mM concentration of MgO NPs. The decrease in impedance demonstrates increased cytotoxicity in hFOB 1.19 cells, mainly due to cell death that has been confirmed with the live-cell images of hFOB 1.19 cells on microelectrodes upon exposure, as shown in Figure 2.



Figure 5 shows the ECIS impedance response to hFOB 1.19 cells upon exposure to different concentrations (0, 1, 5, 10, and 50 mM) of Mg(OH)2 NPs for 24 h. At 0 mM concentration, a constant monolayer of cells was identified with rapid cell proliferation with an increase of impedance that saturated at 8400 Ω after 24 h. Exposure to a lower concentration, such as 1 mM, cell proliferation and formation of a monolayer of cells with an increased impedance that saturated at 8130 Ω after 24 h was observed. However, at the concentrations of 5, 10, and 50 mM, subsequent decreases in the impedance to 7890, 7830, and 7810 Ω were reported, respectively, as compared to control group (0 mM) and 1 mM concentrations of Mg(OH)2 NPs. A subsequent decrease in the impedance results reveals increased cytotoxicity with the higher concentrations of 5, 10, and 50 mM of Mg(OH)2 NPs. Cytotoxicity was also confirmed with the live-cell images of hFOB 1.19 cells on microelectrodes upon exposure, as shown in Figure 3. To access the level of cytotoxicity among the different concentrations of MgO and Mg(OH)2 NPs for 24 h, ECIS impedance responses of hFOB 1.19 cells upon exposure have been compared. The combined results of ECIS impedance and the live images depict that 1 mM concentrations of MgO NPs are less toxic to hFOB 1.19 cells as compared to 1 mM concentrations of Mg(OH)2 NPs.




3.4. Analysis of the pH Changes


Figure 6 shows the change in pH of hFOB 1.19 cells after exposure with different concentrations (0, 1, 5, 10, and 50 mM) of MgO NPs. Results show that with the increasing concentrations of MgO NP exposures in hFOB 1.19 cells, the pH was more alkaline (mean pH values: 1 mM = 7.83, 5 mM = 8.13, 10 mM = 8.33, 50 mM = 8.83) when compared to the control group (0 mM = 7.53).



Figure 7 shows that with the increasing concentrations of Mg(OH)2 NPs exposure in hFOB 1.19 cells, the pH was more alkaline (mean pH values: 1 mM = 8.23, 5 mM = 8.33, 10 mM = 8.57, 50 mM = 9.07) when compared to the control group (0 mM = 7.57).




3.5. Discussion


Mg-based biodegradable orthopedic implants dissolve in the physiological environment of the body, producing corrosion products [3,4]. Studies suggest that the degradation behavior of the Mg-based implants varies due to different corrosive environments of in vitro and in vivo studies [5], which makes it challenging to establish Mg as a next-generation biodegradable material [3,7]. Therefore, in this study, we used a real-time ECIS system to mimic the in vivo environment for assessing the cytotoxicity of different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells [7]. Based on our findings by real-time ECIS study, we propose the development of sustainable, biodegradable Mg-based alloys as the implant materials for orthopedic applications.



Osteoblast differentiation progresses by the process of cell proliferation, matrix maturation, and mineralization [30]. In the case of the in vitro environment, the complete confluence of the cells increases matrix maturation and mineralization [31]. Magnesium homeostasis and regulation of cell functions such as cell proliferation, energy metabolism, and the apoptosis process in healthy and diseased cells are also reported [32]. Therefore, in our study, we investigated the confluence of the hFOB 1.19 cells for 24, 48, 72, and 96 h [7] before ECIS experiments. Results show that after 96 h, cells were approximately 70–80% confluent with a negligible number of dead cells when compared to 72 (50–60% confluence), 48 (30–40% confluence), and 24 h (20–30% confluence). The maximum convergence of hFOB 1.19 cells significantly contributes to avoiding any false-positive results with dead cells that might otherwise interfere with the ECIS impedance upon exposure to MgO/Mg(OH)2 NPs [7].



The ECIS impedance result reveals that 1 mM concentrations of MgO NPs provide a similar range of impedance as the control group (0 mM), which indicates magnesium homeostasis, as shown in Figure 4. However, at the subsequent higher concentrations, such as 5, 10, and 50 mM concentrations of MgO NPs [7], the impedance drops significantly, indicating cytotoxicity by inhibiting cell proliferation. Comparative impedance results of MgO and Mg(OH)2 NPs [7] in Figure 4 and Figure 5, respectively, show that impedance is lower at 50 mM concentrations of Mg(OH)2 NPs [7] when compared to MgO NPs [7], which indicates high cytotoxicity of Mg(OH)2 at 50 mM. These results have been confirmed by the images of live and dead cells on microfabricated electrodes in Figure 2 and Figure 3, respectively.



Studies suggest that extracellular pH and oxygen tension alters the bone hemostasis [29]. Besides, the skeleton serves as the reservoir of alkaline mineral (hydroxyapatite), which releases in case of metabolic acid-base imbalance [33]. Also, reports on bone cells suggest that at acidic pH, osteoblast activity inhibits, which results in inhibition of mineral deposition [29,33]. However, the bone resorption activity of osteoclast cells gets activated at acidic pH [33]. The changes in pH levels of the possible corrosion products are not entirely understood. Therefore, with this study, insight into the change in pH of different concentrations of MgO/Mg(OH)2 NPs upon exposure to hFOB 1.19 cells [7] has also been gained.



Little evidence of the in vitro test to study the cytotoxicity of the corrosion products is reported [7]. However, in this study, we provide real-time in vitro ECIS results for an allowable concentration of MgO/Mg(OH)2 NPs in hFOB 1.19 cells. With the results obtained from our study, we propose the development of sustainable, biodegradable Mg-based alloys for future in vivo testing for orthopedic implant applications.





4. Conclusions


Mg-based orthopedic implants have an added advantage due to their biodegradation behavior, which can eliminate the requirement of a second surgery to remove implant after they support, repair, and heal bones. However, cytotoxicity of the possible corrosion products in the form of MgO/Mg(OH)2 NPs that might be released during the process of implant degradation is not entirely understood. Currently, little evidence of in vitro assessment of the cytotoxicity of the possible corrosion products in osteoblast cells has been reported [7]. Conversely, there is a need to access the cytotoxicity of the potential corrosion products in a real-time manner for the future development of sustainable, biodegradable Mg-based alloys for in vivo animal testing and clinical trials in orthopedics. Therefore, in our study, we assessed the cytotoxicity of different concentrations (0, 1, 5, 10, and 50 mM) of MgO/Mg(OH)2 NPs in hFOB 1.19 cells [7] using a real-time ECIS monitoring system. Our results show that 1 mM concentrations of MgO/Mg(OH)2 NPs are an allowable concentration in hFOB 1.19 cells. We propose the development of sustainable, biodegradable Mg-based alloys for future in vivo animal testing and clinical trials for commercial application in the orthopedic implants industry.
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Figure 1. Confluence of human fetal osteoblast (hFOB) 1.19 cells cultured in complete growth media at different time points:(a) 20–30% of cell confluence at 24 h; (b) 30–40% of cell confluence at 48 h; (c) 50–60% of cell confluence at 72 h; and (d) 70–90% of cell confluence at 96 h of seeding. 
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Figure 2. Images of live and dead hFOB 1.19 cells on microfabricated electrodes after treatment with different concentrations of MgO nanoparticles (NPs) at 24 h: (a) 0 mM MgO NPs (control group); (b) 1 mM MgO NPs; (c) 5 mM MgO NPs; (d) 10 mM MgO NPs; and (e) 50 mM MgO NPs. 
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Figure 3. Images of live and dead hFOB 1.19 osteoblast cells on microfabricated electrodes after treatment with different concentrations of Mg(OH)2 NPs at 24 h: (a) 0 mM Mg(OH)2 (control group); (b) 1 mM Mg(OH)2; (c) 5 mM Mg(OH)2; (d) 10 mM Mg(OH)2; and (e) 50 mM Mg(OH)2. 
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Figure 4. Real-time electric cell-substrate impedance sensing (ECIS) impedance results measuring cytotoxicity in hFOB 1.19 cells in response to different concentrations of MgO NPs. 
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Figure 5. Real-time ECIS impedance results measuring cytotoxicity in hFOB 1.19 cells in response to different concentrations of Mg(OH)2 NPs. 






Figure 5. Real-time ECIS impedance results measuring cytotoxicity in hFOB 1.19 cells in response to different concentrations of Mg(OH)2 NPs.



[image: Applsci 10 02114 g005]







[image: Applsci 10 02114 g006 550] 





Figure 6. Analysis of the change in pH in hFOB 1.19 cells in response to the different concentrations of MgO NPs. Data are obtained as means ± SEM, n = 3; *** p-value ≤ 0.0001 when compared to the control group. 
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Figure 7. Analysis of the change in pH in hFOB 1.19 cells in response to the different concentrations of Mg(OH)2 NPs. Data are obtained as means ± SEM, n = 3; *** p-value ≤ 0.0001 when compared to the control group. 
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