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Abstract: In the field of orthopedics, magnesium (Mg) and magnesium-based composites as
biodegradable materials have attracted fundamental research. However, the medical applications of
magnesium implants have been restricted owing to their poor corrosion resistance, especially in the
physiological environment. To improve the corrosion resistance of Mg/HA/TiO2 nanocomposites,
monolayer MgO and double-layer Si/MgO coatings were fabricated layer-by-layer on the surface of
a nanocomposite using a powder metallurgy route. Then, coating thickness, surface morphology,
and chemical composition were determined, and the corrosion behavior of the uncoated and
coated samples was evaluated. Field-emission scanning electron microscopy (FE-SEM) micrographs
show that an inner MgO layer with a porous microstructure and thickness of around 34 µm is
generated on the Mg/HA/TiO2 nanocomposite substrate, and that the outer Si layer thickness
is obtained at around 23 µm for the double-layered coated sample. Electrochemical corrosion
tests and immersion corrosion tests were carried out on the uncoated and coated samples and the
Si/MgO-coated nanocomposite showed significantly improved corrosion resistance compared with
uncoated Mg/HA/TiO2 in simulated body fluid (SBF). Corrosion products comprising Mg(OH)2, HA,
Ca3(PO4)2, and amorphous CaP components were precipitated on the immersed samples. Improved
cytocompatibility was observed with coating as the cell viability ranged from 73% in uncoated to 88%
for Si/MgO-coated Mg/HA/TiO2 nanocomposite after nine days of incubation.

Keywords: Mg/HA/TiO2 nanocomposite; biodegradation behavior; Si/MgO; corrosion products;
cytocompatibility
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1. Introduction

In recent years, following the biodegradability of magnesium (Mg) alloys in the physiological
body environment, their excellent biocompatibility especially osteopromotion, as well as the
similar mechanical properties to human bone has led to biodegradable magnesium alloys and
magnesium-based composites being considered for use as orthopedic implant materials over other
traditional metallic materials [1–8]. However, the main limitation is the initial fast degradation of Mg
alloys in a biological environment which could not afford effective biomechanical support and match
the bone reconstruction [9,10]. In addition to the high corrosion rate, the low bioactivity of magnesium
implants such as the ability to form hydroxyapatite (HA) is another challenging problem, which needs
to be resolved before utilization in clinical applications [11–14]. To overcome this drawback, several
surface modification techniques, i.e. electrochemical deposition [15,16], polymer treatment [17,18],
chemical deposition [19,20], and micro-arc oxidation (MAO) techniques [21–23], have been introduced
to improve the degradation rate and bioactivity of magnesium and its alloys [9,24]. As is known,
fabrication of magnesium-based composites with bio-ceramic additives [25], besides the surface
modification of magnesium implants, and alloying magnesium with biocompatible metals [26,27] are
the major techniques to protect the implant from fast corrosion and degradation in vivo. Moreover,
bio-additives and suitable coatings can improve the hemocompatibility and bioactivity of implants in
this field [11,14,28–31]. Gu et al. [32] reported that pure Mg as the matrix materials, and HA as the
bio-ceramic additive, were selected to fabricate the Mg/HA biocomposite with different amounts of
HA content using the powder metallurgy (PM) route. The cytotoxicity tests indicated that Mg/10HA
extract showed no toxicity to L-929 cells.

In a recent study, the addition of HA and TiO2 caused a significant improvement in corrosion
resistance and ductility of magnesium-based nanocomposites for medical applications. According
to the cell culture results, the Mg/HA/TiO2 nanocomposite was biocompatible with osteoblasts [33].
As was reported by Li et al. [34], the silicon coating was deposited on the surface of WE43 Mg
alloy using Plasma-enhanced chemical vapor deposition (PECVD) technique to slow down its
degradation rate for medical applications. Moreover, the corrosion resistance and mechanical
properties of Mg/HA/TiO2/MgO nanocomposites were enhanced by Si monolayer and Si/ZnO
double-layer coatings fabricated using radio frequency magnetron sputtering technique [35]. Silicon
(Si), as an essential mineral in human bodies, is substituted alone or in combination with a variety of
other materials for filling bone defects [36]. In the early stage of bone calcification, silicon was involved
according to the reports of Carlisle [37] and Schwarz and Milne [38]. Moreover, the stimulation of cell
proliferation by Mg and Si ionic products was found by Wu and Chang [39]. It has been concluded
that Si plays a significant role in bone repair and regeneration of bone. Therefore, the in vivo biological
performance of the Mg alloy should be enhanced using a Si-containing coating [40]. In addition,
the anticorrosion ability and hemocompatibility of Mg alloy for biomedical application has been
significantly improved by MgO coating synthesized using micro-arc oxidation in a multi-step surface
modification process. A porous MgO coating as an intermediate layer was prepared on the surface
of AZ31 magnesium alloy to improve corrosion resistance [41]. Brink [42] added MgO to a series
of bioactive glasses to maintain bioactivity. Some in vitro results actually indicate that MgO has
a detrimental effect on apatite formation [43–45]. Furthermore, Oliveira et al. [46] claimed that MgO has
a beneficial effect as it improves the early stages of mineralization and contributes to intimate contact
with living tissue [14]. Therefore, in the present study, a powder metallurgy technique consisting of
ball milling, multi-step cold pressing, and subsequent sintering was used to fabricate of MgO-coated
and Si/MgO-coated Mg/HA/TiO2 nonacomposites for the first time. In addition, microstructure,
in vitro biocompatibility, electrochemical, and long-term corrosion behavior of uncoated, MgO-coated
and Si/MgO-coated were investigated and have not been performed elsewhere.
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2. Materials and Methods

2.1. Preparation of the Powder Samples of Uncoated, MgO-Coated and Si/MgO-Coated Mg/HA/TiO2
Bionanocomposites

Pure magnesium powder (Mg powders, ≥99%, 5–20 µm particle size), titanium (IV) oxide
(TiO2, anatase nanopowder >99.7%, <100 nm particle size), hydroxyapatite (HA nanopowder ≥97%,
<100 nm particle size), magnesium oxide powders (MgO ≥ 99%, −325 mesh), and silicon powders
(Si 99%, −325 mesh) were used as the raw materials. A vacuum drying oven was used to dry the
raw material of the nanocomposite and the coating powders (Si powders and MgO with sheet-like
morphology) at 220 ◦C for 10 h. In the next stage, the mixing process by a planetary ball mill
was performed on the 77.5 wt % Mg, 12.5 wt % HA, and 10 wt % TiO2 powders in an inert gas
atmosphere for 2 h. A uniaxial press at ~840 MPa pressure was used to fabricate cylindrical pellets
(Ø10 mm × 5 mm) of uncoated Mg/HA/TiO2 bionanocomposites from the ball-milled powders.
Subsequently, the pellets were sintered for 2 h at ~400 ◦C in a tube furnace under an argon atmosphere
to finish the fabrication process of compact specimens. For preparation of MgO-coated, the ball-milled
powders of Mg, HA, and TiO2 mixture were pressed at a pressure of ~460 MPa in the first stage of
cold pressing. Then, as illustrated in Figure 1, the upper punch exited from the steel die and a specific
amount of MgO powders (consisting of sheet-like particles) decanted on the surface of the cold-pressed
nanocomposite inside the die. After decanting the MgO powders on the surface of the pressed sample
that was inside the steel die, a vibration system was used to homogenize the thickness of the MgO
powders in different places on the surface of the pressed nanocomposite.
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Figure 1. A schematic image of the ball milling-multi step cold pressing-sintering powder metallurgy
process to fabricate MgO-coated and Si/MgO-coated Mg/12.5HA/10TiO2 Bionanocomposite.

In the next stage, cold pressing was applied at ~815 MPa to assemble MgO coating on the surface
of the Mg/HA/TiO2 nanocomposite. The amount of added MgO in the steel die was determined
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by repeating the experiments. Scanning electron microscopy (SEM) observations were made of the
thickness of the MgO coating, as well as density measurements and coating adhesion measurements
to obtain the acceptable adhesion strength of the fabricated MgO coating layer with the substrate.
The minimum required value for the adhesion strength of coatings to the implants is 22 MPa, according
to ASTM1147-F [41,47].

In the last stage, the MgO-coated was sintered for 1.5 h at 500 ◦C under an argon atmosphere.
In the case of the double-layer Si/MgO coating, the cold pressing was performed at 340 MPa to press
the ball-milled Mg/HA/TiO2 powders and 570 MPa pressure was applied to fabricate the MgO layer
on the surface of cold-pressed Mg/HA/TiO2 in the first and second stages of pressing, respectively.
In the third step, the specific amount of Si powders decanted on the surface of the MgO-coated into
the die, the thickness of Si layer was homogenized at different parts of the surface using a vibration
system, and then the powder system was pressed at around 800 MPa of pressure. As reported in the
MgO coating process, the amount of Si powder for coating was determined by repeating the coating
process to obtain the fabricated coatings with good adhesion strength to the substrate, which is a very
important factor to protect Mg-substrate implants against corrosive solutions.

Finally, the Si/MgO-coated was sintered for two hours at 540 ◦C under an argon atmosphere for
densification of the powder sample and better coating adhesion to the substrate. The characterization,
corrosion investigations, mechanical analysis, and biological tests were performed on these sintered
pellets. The relative density (measured density/theoretical density) of the sintered pellets was
considered an important parameter to determine the cold-pressing and sintering conditions, as the
minimum ratio of relative density was 85% in order to carry out a reasonable comparison of
the corrosion resistance, mechanical characteristics, and cytotoxicity of uncoated and coated
Mg/HA/TiO2 bionanocomposites. Table 1 indicates the codified names of the uncoated and coated
Mg/HA/TiO2 bionanocomposites.

Table 1. Codified names of uncoated and coated samples.

Full Name of Samples Codified Name of Samples

Uncoated Mg/HA/TiO2 bionanocomposite Uncoated nanocomposite
Mono-layered MgO-coated Mg/HA/TiO2 bionanocomposite MgO-coated

Double-layered Si/MgO-coated Mg/HA/TiO2 bionanocomposite Si/MgO-coated

2.2. Characterization of the Powder Samples of Uncoated, MgO-Coated and Si/MgO-Coated

The surface and cross-sectional morphologies of the coatings, as well as the corrosion products,
were observed using field-emission scanning electron microscopy (FE-SEM, JEOL, Peabody, MA, USA)
and transmission electron microscopy (TEM, Philips, Amsterdam, The Netherlands). The crystal
structure, phase analysis, and chemical compositions of uncoated, MgO-coated, and Si/MgO-coated
and corrosion products were characterized by X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). Atomic-force microscopy (AFM)
was used to investigate the surface morphology and roughness of the uncoated and coated samples.
Coating bonding measurements were carried out by a pull-off test using a portable adhesion tester
according to standard test method ASTM D4541 [48,49].

2.3. Electrochemical Tests

The electrochemical test was recorded at 37 ◦C in a glass cell containing 250 mL of Kokubo
simulated body fluid (SBF) at a pH ~7.56 using a Versastat3 potentiostat/galvanostat (Princeton
Applied Research). Concentrated solutions of NaCl (8.037 g/L), NaHCO3 (0.351 g/L), KCl (0.224 g/L),
K2HPO4·3H2O (0.231 g/L), MgCl2·6H2O (0.310 g/L), CaCl2 (0.294 g/L), Na2SO4 (0.073 g/L),
tris-hydroxymethyl aminomethane (CH2OH)3 CNH2 (6.062 g/L) and 1.0 mol/L HCl (40 mL) were used
to prepare the SBF solution (known as the Kokubo solution) by pipetting the calculated amounts [13].
The exposed surface area of the tested specimens in the SBF solution was 0.402 cm2. Moreover,
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a saturated calomel electrode (SCE) and a graphite rod were used as the reference electrode and the
counter electrode, respectively, where the specimen was the working electrode in a three-electrode
cell for the potentiodynamic polarization tests. All of the experiments were recorded at a scan rate
of 0.5 mV/s beginning at −250 mVSCE below the open circuit potential. The software allows for the
ability to manually control this fitting. A segment of the curve from the Ecorr (V vs. SCE) was selected
for the Tafel fittings, and icorr was subsequently estimated from the value, where the fit intercepted the
potential value of the true Ecorr (V vs. SCE) [50]. All of the potentials referred to the SCE. This machine
was also adjusted over a frequency range of 1 Hz to 100 kHz to measure the electrochemical impedance
spectra (EIS). The reproducibility of the results was confirmed by repeating each electrochemical test.

2.4. Immersion Tests

The volume of hydrogen gas released from the samples was measured by soaking the samples in
SBF solution for 168 h. A sample was immersed in a beaker that was covered with a funnel covering
the immersed sample to collect the evolved hydrogen gas in a burette that was fixed above the funnel.
Prior to renewing the solution, the volume of the released hydrogen gas was calculated in mL/cm2,
as well as a scaled burette used to measure the hydrogen volume. A benchtop pH-meter was used for
measuring the pH of the physiological environment.

2.5. Cell Culture

Cell viability was investigated using the seventh passage of the normal human osteoblasts
(NHOst) cells cultured in an osteoblast basal medium (OBM) with the osteoblast growth medium
(OGM), which was supplemented with 0.1% ascorbic acid, 10% Fetal Bovine Serum (FBS), and 0.1% of
gentamycin. Then, they were placed in an incubator under cell culture conditions (90 ± 2% humidity,
37 ± 1 ◦C, 5% CO2 and 20% O2).

2.6. Cell Viability Testing

An indirect contact method was used to perform the cell viability test using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The samples were sterilized in
a steam autoclave at 120 ◦C for 30 min followed by 1 h of ultraviolet (UV) irradiation. Then, the samples
were mixed with the OBM media and then kept in an incubator with an atmosphere of 5% CO2 for 72 h
at 37 ◦C. The ratio of the sample surface area to the volume of medium was 1.25 cm2/mL. After 72 h
incubation, a 0.20 µm membrane filter was used to filter the extracted samples. The extracted samples
were stored at 4 ◦C before being used. To perform the MTT assay, 0.15 × 104 NHOst cells were initially
seeded in each well of 96-well plates for 24 h, and the media were then replaced with the media
containing the extracted samples and then incubated. After 3, 7, and 9 days of incubation, the culture
medium was aspirated, 100 µL of fresh medium was added to each well. Then, 10 µL of MTT was
added to each well and incubated for 4 h. After incubation, the medium was aspirated, 100 µL of
dimethyl sulfoxide (DMSO) was added to each well, and the absorbance was measured at 570 nm
(BioTek Eon, BioTek Instruments Inc., Winooski, VT, USA). Cells grown in the typical culture medium
and cell-free culture media were used as controls with 100% viability and blank, respectively. For the
MTT-assay, triplicates were performed, and the percentage of cell viability was calculated using the
formula as Equation (1):

Cell Viability (%) =
ODsample −ODblank

ODcontrol −ODblank
× 100% (1)

where OD is the optical density [18].

2.7. Cell Adhesion Test

To determine the cell adhesions 12-well culture plates were used to place the sterilized disks
(Ø10 mm × 5 mm) of uncoated, MgO-coated and Si/MgO-coated samples then 5.2 × 104 osteoblast



Coatings 2017, 7, 154 6 of 24

cells were seeded in each of the disks. The culture medium was carefully replaced by a fresh one
after a three-day interval; however, the detachment of cells should be avoided during the change
process of the culture medium. After seven days, the disks of uncoated and coated samples were
washed with phosphate buffered saline (1 × PBS, pH 7.46), fixed overnight in 4.2% glutaraldehyde
in PBS solution, then subsequent fixation was performed in 1% aqueous osmium tetroxide for
one hour. After fixation process, the disks were washed and dehydrated with graded ethanol
(40%–100% (v/v)). The dehydrated samples were dried by 10 min of soaking in 1:1 and 1:3 (v/v)
alcohol-hexamethyldisilazane (HMDS) solution and pure hexamethyldisilane (HMDS), respectively.
The dried samples were gold coated and the morphology and adhesion of the osteoblast cells were
investigated using field-emission scanning electron microscopy.

3. Results and Discussion

3.1. Microstructure, Chemical Composition and Phase Analysis

For an effective comparison, the XRD pattern of the uncoated (Figure 2) nanocomposite substrate
is included. This shows the substrate is composed of Mg (PDF#35-0821), HA (PDF#09-0432), and TiO2

(PDF#21-1272) phases. Figure 2 shows that the MgO-coated mainly consisted of MgO (PDF#45-0946),
Mg, and TiO2.
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Figure 2. X-ray diffraction (XRD) patterns of the uncoated, MgO-coated and Si/MgO-coated after the
milling-cold pressing-sintering process.

The strong Mg and TiO2 peaks are due to the porous microstructure of the MgO coating; however,
the small peaks of HA were almost not detected. With regards to the XRD patterns, the main
compound residing on the Si/MgO coating is Si (PDF#27-1402). The intensity of XRD peaks of
Mg and TiO2 are significantly decreased and some of them disappeared because of the thickness of
the double-layer coating. To understand the surface chemical composition of uncoated, MgO-coated,
and Si/MgO-coated, the outer surface of samples was examined by XPS. It is known that this analysis
is used especially for surfaces. Figure 3 shows the overview of the XPS spectra of the uncoated, MgO,
and Si/MgO coatings.

As can be seen, O, C, Mg, Ti, Ca, and P elements are detected on the surface of the uncoated
Mg/HA/TiO2 nanocomposite (Figure 3). Ca 2p, P 2p, and O 1s peaks at 352 eV, 138 eV, and 532 eV,
respectively, correspond to HA; however, TiO2 in the nanocomposite substrate is presented by the
Ti 2p [51] and O 1s spectra at 458 eV and 532 eV, respectively [51]. The scan analysis of Mg 1s
at approximately 1304 eV revealed a peak that may belong to the metallic state of Mg from the
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nanocomposite substrate and/or assigned to MgO [11,33,52]. The signal of Mg 2s at ~88.5 eV should
come from the magnesium of the nanocomposite substrate [53]. After assembling the porous MgO
coating on the nanocomposite surface by the PM route, the intensity of the Ca 2p, P 2p, O 1s, and Ti 2p
peaks decreased, whereas the height of Mg 1s and Mg 2p spectra at binding energies (BE) of 50.5 eV
and 1304 eV, respectively, are raised, confirming the presence of the MgO layer on the outer surface of
the MgO-coated [54,55]. The Si 2p signal assigned to the Si coating [34] is observed at 102 eV in the XPS
spectrum of the double-layered coated sample; however, Mg 2s, Mg 1s, Mg 2p, O 1s, Ca 2p, P 2p, and Ti
2p signals due to Mg, MgO, HA, and TiO2 phases weakened remarkably, or even disappeared, which
is attributed to the thickness of the Si/MgO coating. The existing of binding energy of the C 1s peak at
286 eV corresponding to the carbon is the result of the preparation process and keeping the sample in
air and/or washing it with acetone before conducting the test [34,55]. Mg 1s at approximately 1304 eV
may be assigned to the surface magnesium existing in the form of the oxidized state, indicating the
formation of MgO [11,52]. There is no other visible contribution of metallic magnesium related to
the main Mg KLL emission peaks. These spectra that were found in the range 304.4–308.8 eV are
attributed to the oxidation of polycrystalline Mg [56]. FE-SEM images in Figure 4 show the surface
morphologies of the bare sample and the coatings that were assembled by the PM technique. As can
be seen (Figure 4a), the large particles with plate-like morphology that are uniformly distributed in the
substrate of the bare nanocomposite are surrounded by fine powders. The surface microstructure of
the MgO-coated is homogenous and porous, comprising the sheet-like particles (Figure 4b,c). However,
the FE-SEM micrographs depict a relatively dense and rough layer consisting of irregular-shaped
particles of micron size covering the outer surface of the Si/MgO-coated, whereas some porosities are
observed on the coating (Figure 4d,e). X-ray elemental mapping indicates the Mg particles appear
with two types of morphology: some of the Mg particles have a plate-like morphology, whereas the
remainder of the Mg, accompanied by O, Ca, P, and Ti as fine particles, is distributed homogenously
among the plates within the powder system of the Mg/HA/TiO2 nanocomposite.
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Figure 4. Surface field-emission scanning electron microscopy (FE-SEM) micrographs of (a) uncoated;
(b,c) MgO-coated and (d,e) Si/MgO-coated. X-ray elemental mapping of surfaces of (a1–a5) uncoated,
(b1–b5) MgO-coated and (d1–d6) Si/MgO-coated.

With regards to the elemental mapping images, the distribution of elements on the surface of
coated samples confirms the fabrication of MgO and Si on the outer surfaces of the MgO-coated and
Si/MgO-coated, respectively. The AFM images (Figure 5) show the surface morphology and roughness
of some selected areas on the surface of uncoated and coated samples. The sheet-like morphology
of MgO particles, as well as the irregular shape of Si particles, can be confirmed using AFM images;
however, the surface of the uncoated sample is smooth. The average roughness value of surface
increased from 187.2 nm on the bare nanocomposite, to 724.6 nm and 935.5 nm for MgO-coated and
Si/MgO-coated, respectively.
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Figure 5. 3D-atomic-force microscopy (AFM) image of (a) uncoated, (b) MgO-coated and (c)
Si/MgO-coated samples after the ball milling-cold pressing-sintering process.

Figure 6 presents the cross-sectional images of the mono- and double-layered coatings.
The MgO-coated with an average thickness of 38 µm composed of MgO sheets is porous without
any discontinuity in the interface between the coating and the substrate. However, the double-layer
coating consisting of an inner layer of sheet-like particles with well-dispersed porosities, as well as
the Si particles with irregular shape, formed the densely-packed outer layer on the surface of the
Si/MgO-coated. The average coating thickness of the Si/MgO achieved 57 µm: The thickness of the
inner layer is around 36 µm; however, the average thickness of the outer coverage is estimated at
20 µm. The morphology and thickness of the coatings showed a fair degree of uniformity; moreover,
the adhesion of the coatings to the substrate is also confirmed by the cross-sectional micrographs.
Furthermore, the X-ray elemental mapping of the double-layer Si/MgO coating (Figure 6k,l,m related
to Figure 6h) confirm the fabrication and thickness uniformity of coatings as Si is shown in green in
the outer layer of the coating, whereas Mg and O on the inner side of the coating are illustrated by
blue and red, respectively.

The TEM images depict the morphology of MgO sheets and irregularly-shaped particles of Si
accompanied with their EDS analysis (Figure 6a–d). The TEM-EDX pattern exhibits only the presence
of Mg and O elemental compositions, ensuring the chemical purity of the MgO sheet-like powders.
In order to evaluate the bonding strength of the mono- and double-layer coatings, the pull-off test was
performed on the coated samples. The bonding strength of the monolayer MgO coating to the substrate
is measured as 35.6± 1.2 MPa, whereas by fabricating Si as a second coating layer the bonding strength
of the whole double-layer Si/MgO coating to the substrate decreased to 31.4 ± 2.7 MPa. This might
have happened as a result of increasing the thickness of the coating, as more particles agglomerate on
the outer surface of the coating and/or show less uniformity, as well as the increasing roughness of the
Si/MgO coating compared to the monolayer MgO.
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Figure 6. Transmission electron microscopy (TEM) images (a) Si particles, (d) MgO sheets, energy
dispersive X-ray spectroscopy (EDS) analyses (b) area 1 and (c) area 2. Cross-sectional FE-SEM
micrographs of (e,f,h,i) Si/MgO-coated, (g,j) MgO-coated and (k,l,m) X-ray elemental mapping of
Figure 5h.

3.2. Electrochemical Corrosion Tests

The ability of a coating to protect the substrate can be evaluated by electrochemical impedance
spectroscopy (EIS). Figure 7 shows the Nyquist plots (Figure 7a) and the Bode plots (Figure 7b,c) for
the bare, MgO-coated, and Si/MgO-coated in SBF solution. The differences in the diameter size of
capacitive Nyquist loops for uncoated and coated samples can be attributed to the charge transfer
resistance of the corrosion process (Figure 7a). This discloses that the Si/MgO-coated presents the
overall largest constant loop among all the samples. The diameter of the capacitive loop indicates
the anticorrosion property [57,58], evidencing that the Si/MgO coating provides a more effective
barrier effect against corrosive solution. According to the used models illustrated in Figure 7d,
the spectrum of the sample without coating could be fitted using the simplified equivalent electrical
circuit (EEC) with one R2–CPE2 circuit (Figure 7d), where R2 is the charge transfer resistance, CPE2 is
the double-layer capacitance, and RS represents the solution resistance. In the allocated circuit of MgO
coated, the R1–CPE1 elements describe the MgO coating, as well as the R2–CPE2 elements which are
related to the substrate. Meanwhile, the monolayer MgO increased the diameter of the capacitive loop,
indicating that the MgO coating in the SBF electrolyte can improve the anticorrosive properties of the
nanocomposite. The quantitative parameters of the EEC elements, which characterize the coverage
layers of MgO and Si (formed as a result of the powder metallurgy route) were calculated by fitting
the experimental impedance spectra using EEC with three R–CPE-circuits (Figure 7d). The emergence
of the third time constant (R3–CPE3) is related to the MgO intermediate layer.



Coatings 2017, 7, 154 11 of 24

Coatings 2017, 7, 154  11 of 24 

 

Figure 7. (a) Nyquist plots, Bode plots (b) impedance modulus vs. frequency plots and (c) phase angle 

vs. frequency plots for the uncoated, MgO‐coated, and Si/MgO‐coated in SBF solution; (d) The models 

for  the coatings structure and  the appropriate equivalent electrical circuits, used  for experimental 

impedance data fitting ((d1) with one R–CРE circuit, (d2) with two R–CРE circuits and (d3) with three 

R–CРE circuits). 

The presented  three‐R–CPE‐circuit EES describes  the Si/MgO‐coated under examination. The 

electrochemical resistance (Re), regarded as a measure of corrosion resistance, is calculated by adding 

R1, R2, and R3. The Re values of the MgO‐coated and the Si/MgO‐coated are larger than that of the 

uncoated  nanocomposite,  which  indicates  the  protection  of  the  two  kinds  of  coatings  for  the 

substrate. The Re of the MgO‐coated (57.9 kΩ∙cm2) was nearly five orders of magnitude larger than 

that of the uncoated sample (11.6 kΩ∙cm2). Furthermore, the value of electrochemical resistance of the 

Si/MgO‐coated (Re = 82.6 kΩ∙cm2) measured close to eight orders of magnitude higher than that of 

the uncoated  sample. As  can be  seen  in Figure  7a,  the diffusion  control mechanism of Warburg 

impedance  is  indicated by  the emergence of a  tail  in  the Nyquist plots of  the samples. When  the 

counter‐ions move through the surface, the Warburg behavior takes place, which indicates the slower 

occurrence of the diffusion process than the metal charge‐transfer reaction and, as a result, a diffusion 

barrier mechanism is developed on the surface against the corrosive attack [59–61]. As shown in the 

Bode plots (Figure 7b), in the low‐frequency region, the initial modulus values for MgO‐coated and 

Si/MgO‐coated are higher than that of the uncoated sample. The resistance is revealed by the charge 

transfer‐controlled process at high frequency, while the mass diffusion‐controlled reactions dominated 

at a low frequency in the Bode plots. The higher impedance difference between the high and the low 

frequency means that better corrosion resistance is provided [57]. Furthermore, the Si/MgO‐coated 

possessed  the  highest  impedance modulus,  compared with  the  uncoated  and MgO‐coated. This 

speculation is clearly reflected by the lower phase angle of Si/MgO (81°) compared to only the MgO 

coating  (67°)  and  the  bare  (53°)  sample.  For  the  Si/MgO‐coated,  the  curves  of  the  Bode  plots 

(Figure 7c) reveal the time constants (the peak at the minimum degree of phase angle) at frequencies 

of  39,810 Hz,  31,622 Hz,  and  25,188 Hz  for Si/MgO‐coated, MgO‐coated,  and uncoated  samples, 

respectively. The  presence  of  the  time  constant  at  a  higher  frequency  and  lower  phase  angle  is 

Figure 7. (a) Nyquist plots, Bode plots (b) impedance modulus vs. frequency plots and (c) phase angle
vs. frequency plots for the uncoated, MgO-coated, and Si/MgO-coated in SBF solution; (d) The models
for the coatings structure and the appropriate equivalent electrical circuits, used for experimental
impedance data fitting ((d1) with one R–CPE circuit, (d2) with two R–CPE circuits and (d3) with three
R–CPE circuits).

The presented three-R–CPE-circuit EES describes the Si/MgO-coated under examination.
The electrochemical resistance (Re), regarded as a measure of corrosion resistance, is calculated by
adding R1, R2, and R3. The Re values of the MgO-coated and the Si/MgO-coated are larger than that
of the uncoated nanocomposite, which indicates the protection of the two kinds of coatings for the
substrate. The Re of the MgO-coated (57.9 kΩ·cm2) was nearly five orders of magnitude larger than
that of the uncoated sample (11.6 kΩ·cm2). Furthermore, the value of electrochemical resistance of
the Si/MgO-coated (Re = 82.6 kΩ·cm2) measured close to eight orders of magnitude higher than that
of the uncoated sample. As can be seen in Figure 7a, the diffusion control mechanism of Warburg
impedance is indicated by the emergence of a tail in the Nyquist plots of the samples. When the
counter-ions move through the surface, the Warburg behavior takes place, which indicates the slower
occurrence of the diffusion process than the metal charge-transfer reaction and, as a result, a diffusion
barrier mechanism is developed on the surface against the corrosive attack [59–61]. As shown in
the Bode plots (Figure 7b), in the low-frequency region, the initial modulus values for MgO-coated
and Si/MgO-coated are higher than that of the uncoated sample. The resistance is revealed by the
charge transfer-controlled process at high frequency, while the mass diffusion-controlled reactions
dominated at a low frequency in the Bode plots. The higher impedance difference between the
high and the low frequency means that better corrosion resistance is provided [57]. Furthermore,
the Si/MgO-coated possessed the highest impedance modulus, compared with the uncoated and
MgO-coated. This speculation is clearly reflected by the lower phase angle of Si/MgO (81◦) compared
to only the MgO coating (67◦) and the bare (53◦) sample. For the Si/MgO-coated, the curves of the
Bode plots (Figure 7c) reveal the time constants (the peak at the minimum degree of phase angle) at
frequencies of 39,810 Hz, 31,622 Hz, and 25,188 Hz for Si/MgO-coated, MgO-coated, and uncoated
samples, respectively. The presence of the time constant at a higher frequency and lower phase angle
is attributed to the Si/MgO coating property, suggesting it possesses a fine physical barrier to the
corrosive media. As a comparison, MgO-coated illustrates a similar curve shape to that of the bare
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nanocomposite. This means that corrosion has the same process on the bare substrate and on the
MgO-coated surface; however, the corrosion resistance is different. The EIS electrochemical parameters
of the uncoated and coated samples are indicated in Table 2. The results of the Nyquist diagram are
consistent with those obtained through the Bode diagram and are also supported by the plot of the
phase angle and impedance versus frequency.

Table 2. Fitted electrochemical impedance spectroscopy (EIS) results of uncoated, MgO-coated and
Si/MgO-coated in simulated body fluid (SBF) solution.

EIS Parameters\Samples Uncoated MgO-Coated Si/MgO-Coated

Re (kΩ·cm2) 11.6 57.9 82.6
Phase angle (◦) 53 67 81
Frequency (Hz) 25,188 31,622 39,810

The corrosion behaviors of MgO-coated, Si/MgO-coated, and uncoated samples were evaluated
by potentiodynamic polarization tests. Figure 8 shows the potentiodynamic polarization curves of
different samples in SBF aqueous solution.
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Figure 8. Potentiodynamic polarization curves of uncoated, MgO-coated and Si/MgO-coated in
simulated body fluid (SBF) solution.

For magnesium and its alloys, the cathodic polarization curve generally represents the cathodic
hydrogen evolution by water reduction, and the anodic polarization is considered to represent the
dissolution of magnesium or corrosion behaviors of the surface protective layer. The anodic and
cathodic reactions can be written as follows:

Mg→ Mg2+ + 2e− Anodic reaction (2)

2H2O + 2e− → H2 + 2OH− Cathodic reaction (3)

The corrosion potentials Ecorr and corrosion current density icorr were calculated by the Tafel
method through linear extrapolation of the cathodic polarization zone [62]. The corrosion current
density (icorr), corrosion potential (Ecorr, VSCE), cathodic Tafel slopes (βc), anodic Tafel slopes (βa),
and corresponding corrosion resistance (RP) of the specimens extracted from the polarization curves
are listed in Table 3.

As can be observed in Figure 8 and Table 3, lower corrosion current densities were obtained for
the coated samples than for that of the uncoated sample. Additionally, the polarization resistance
(RP) of the bare and coated samples can be calculated using the electrochemical parameters (icorr, βa,
and βc) Tafel plots in Equation (4) as follows [19,63,64]:

RP =
βa βc

2.3 (βa + βc)icorr
(4)
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The corrosion current density of the sample coated by MgO (2.8 µA/cm2) is lower compared to the
case of the bare sample (5.3 µA/cm2), indicating the MgO coating significantly decreased the corrosion
rate of the nanocomposite. It is evident that the corrosion current density (icorr) decreased gradually
from 2.8 µA in the MgO-coated to 0.89 µA for the Si/MgO-coated sample. The Si/MgO-coated
shows the highest corrosion resistance (67.36 kΩ·cm2) among the uncoated (12.17 kΩ·cm2) and
MgO-coated (21.28 kΩ·cm2). The Si/MgO coating underwent the lowest icorr, which might be
due to its microstructure, thickness, and/or chemical composition. This implies that the Si/MgO
coating effectively suppresses the corrosion process. In addition, another important finding from the
polarization curves is the corrosion potential (Ecorr) that MgO and Si/MgO coatings led to an increase
in its value in the SBF solution. As shown in Table 1, the Si/MgO-coated depicts the most positive
Ecorr compared with the bare and MgO-coated. The more positive value of Ecorr was obtained for the
MgO layer that formed by PM method on the surface of uncoated sample compared with the Ecorr of
uncoated nanocomposite. The more positive Ecorr means the sample is more stable thermodynamically
against corrosion, meanwhile, the lower icorr means a slower corrosion process kinetically [65].

Table 3. Electrochemical parameters of the uncoated and MgO- and Si/MgO-coated Mg/HA/TiO2

nanocomposites in SBF solution obtained from the polarization test.

Sample
Corrosion

potential, Ecorr
(mV vs. SCE)

Current
Density, icorr

(µA/cm2)

Cathodic Slope, βc
(mV/Decade) vs.

SCE

Anodic Slope,
βa (mV/Decade)

vs. SCE

Polarization
Resistance, RP

(kΩ·cm2)

Uncoated −1315.6 5.3 279.4 316.8 12.17
MgO-coated −1208.8 2.8 232.7 347.2 22.86

MgO/Si-coated −1023.7 0.89 205.8 410.6 69.04

3.3. Immersion Tests

Immersion tests were undertaken to evaluate the long-term corrosion mechanism of the
Si/MgO-coated, MgO-coated and uncoated nanocomposites. The long-term in vitro degradation
behavior of samples was examined to measure hydrogen evolution during the immersion of samples
in SBF solution for different times. Hydrogen evolution is usually measured as an indicator of the
magnesium degradation rate [18]. It is well known that the overall corrosion reaction of magnesium in
aqueous solution at its corrosion potential can be expressed as follows:

Mg + 2H2O→ Mg2+ + 2OH− + H2 ↑ (5)

Figure 9 depicts the cumulative hydrogen gas evolution plots illustrated for the uncoated,
MgO-coated, and Si/MgO-coated. The cumulative hydrogen amount released from the bare sample
is higher compared with that of the MgO and Si/MgO coatings. During the immersion, the lowest
hydrogen evolution amount was measured for the Si/MgO-coated. This described the fact that the
uncoated and MgO-coated underwent more severe corrosion in SBF. However, the dual-layered
Si/MgO coating could effectively inhibit the degradation of the uncoated sample. In addition,
it can be observed that the hydrogen evolution rate amplified after 120 h from 22.5 mL/cm2 in
the uncoated sample to 15 mL/cm2 for the MgO-coated, respectively. The results indicate that the
Si/MgO coating remarkably suppressed hydrogen evolution (10.5 mL/cm2) over the long immersion
period, considerably lower compared to all other samples.

3.4. Characterization and Microstructure of Immersed Samples in SBF Solution

After seven days of immersion in the SBF solution, in vitro degradation and mineralization on
the surfaces of uncoated, MgO-coated, and Si/MgO-coated were evaluated using XRD, XPS, and
microstructural investigations. In order to identify the phases of the corrosion products, XRD was
conducted on the surface of the uncoated and coated samples after immersion in SBF for seven days,
as shown in Figure 10.
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It can be found that Mg, Mg(OH)2, HA, Ca3(PO4)2, and MgCl2 phases were detected on the
surface of the uncoated immersed sample. The formation of apatite illustrated the bioactivity of the
coating [12,13]. It is well known that the overall corrosion reaction of magnesium in aqueous solution
as its corrosion potential can be expressed by the anodic reaction (Mg→Mg2+ + 2e−) and cathodic
reaction (2H2O + 2e−→ H2↑ + 2OH−). Thus, Mg(OH)2 precipitated in the initial stage of degradation
of the Mg-based nanocomposite substrate according to the following reaction:

Mg2+ + 2OH− → Mg(OH)2 (product formation) (6)

By increasing the immersion time, the chloride ions (Cl−) of the SBF solution would react with
Mg(OH)2 to form a more resoluble MgCl2 phase based on Equation (7) [66]:

Mg(OH)2 + 2Cl− → MgCl2 + 2OH− (7)

CaP compounds, such as HA and Ca3(PO4)2 formed on the surface of the immersed samples due
to the reaction of the phosphate ions (HPO4

2− or PO4
3−) and Ca2+ with OH− ions in the SBF solution

based on the phase transformations of Equations (8)–(10) as follows:

10Ca2+ + 8OH− + 6HPO2−
4 → Ca10(PO4)6(OH)2 + 6H2O (8)

10Ca2+ + PO3−
4 + 2OH− → Ca10(PO4)6(OH)2 (9)

3Ca2+ + 2PO3−
4 → Ca3(PO4)2 (10)



Coatings 2017, 7, 154 15 of 24

XRD peaks of MgO are detected in X-ray patterns of corrosion products of the MgO-coated
sample; moreover, despite the better corrosion resistance of the MgO-coated than that of the bare
sample, the strong peaks of Mg(OH)2 are detected, which can be related to the presence of the MgO
layer on the outer surface of sample and, as a result, formation of Mg(OH)2 according to Equation (11):

MgO + 2H2O→ Mg(OH)2 (11)

However, a significant decrease in intensity of the allocated XRD peaks of corrosion products,
such as Mg(OH)2 and CaP components, was observed for the Si/MgO-coated after seven days of
immersion in SBF. Furthermore, the XRD spectra of the substrate phases, such as Mg, HA, and TiO2

of Mg/HA/TiO2, as well as coating components (MgO and Si peaks), weaken remarkably, and even
disappear, demonstrating the deposition of the corrosion products on the surface of the immersed
Si/MgO-coated. It can be described by the precipitation of amorphous phases after immersion in SBF.
FE-SEM images depicting uncoated nanocomposite immersed in SBF solution suffers more serious
corrosion attack and larger cracks than the coated samples (Figure 11).
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Figure 11. Surface FE-SEM images of (a,b) uncoated (c,d) MgO-coated; (f,g) Si/MgO coated and EDS
analysis (e) area 1, (h) area 2, (k) area 3, (j) area 4 and (i) area 5 after 7 days of immersion in an SBF
solution at 37 ◦C.
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However, after seven days of immersion in SBF, the large and deep cracks were almost not
detected on the surface of the Si/MgO-coated. Additionally, relatively slight corrosion attack
and only some uniform narrow corrosion cracks are observed. It was strongly proved by the
FE-SEM images that the Si/MgO coating can significantly enhance the anti-corrosion property of
the Mg-based nanocomposite substrate. Moreover, some deep and large cracks appeared on the
surface of the MgO-coated, indicating that due to the numerous numbers of pores in the MgO coating,
this single-layer coating alone is not sufficient to protect the corrosion of Mg-based nanocomposites
for a long period. Hence, the improvement and sealing of the MgO coating by an extra coverage is
required. As can be seen, the deposited corrosion products on the bare nanocomposite can be roughly
divided into two regions, the interface region and the outer region. The outer part comprises deposited
films that cluster with a spherical shape, randomly scattered on the surface of these films. Based
on the EDS analysis, Ca and P increased rapidly in the outer region, whereas magnesium decreased
significantly (Figure 11h), indicating these films are CaP components. However, the elemental
composition of the interface region of the corroded surface was mainly composed of Mg and O
(Figure 11e), demonstrating the presence of Mg(OH)2 by comparison of the EDS results with X-ray
patterns of the corrosion products. After seven days of immersion, the main part of the surface of the
MgO-coated was covered by sheet-like particles and fine powders. Mg, O, P, Ca, and Cl were found on
area 3 (Figure 11k) while the contents of Mg and O are all maintained at higher levels than those of
the bare nanocomposite. This shows the presence of MgO and Mg(OH)2 phases among the corrosion
products of the MgO-coated by adapting EDS analysis with XRD results. Calcium and phosphorus are
also detected in area 3 (Figure 11k), indicating electrolyte components can reach the inner part of the
MgO coating and finally be absorbed into the substrate. Ca, P, and O, which precipitated from the SBF
solution, are detected as the main elements of web-shaped films; additionally, a number of spherical
particles were deposited on the surface of these films by immersion in SBF (area 4). By considering
EDS and XRD, the web-like films accompanied with the spherical-shape precipitation are shown to be
composed of CaP components. The ability to form the apatite on the implant surface in simulated body
fluid is considered as an indication of osteointegration capability [67]. The content of Ca and P in the
MgO coating is higher than that of the bare sample, indicating better mineralization performance [68].
For the Si/MgO-coated, there is marked difference in the surface morphology after seven days of
immersion in comparison with the uncoated and MgO-coated. With regard to the Figure 11f,g,
web-shaped films covered the whole surface of Si/MgO-coated. Based on the EDS elemental analysis
(Figure 11i), this film is mainly composed of Ca, P, and O, which indicates the deposition of CaP
compounds on the surface of the Si/MgO coating after seven days of immersion in the SBF solution
(area 5). On the other hand, the XRD peaks of CaP compounds were not detected among the X-ray
patterns of the corrosion products precipitated on the surface of the Si/MgO-coated. This may have
resulted for two reasons: first, the thickness of the web-shaped film is less than that required for
detection by XRD; and, second, these films comprising CaP compounds could be amorphous. The Au
peaks appeared because of the gold coating needed to prepare the samples for FE-SEM investigations.
The chemical composition of the products of corrosion precipitated on the samples soaked for seven
days in SBF was determined using XPS analysis (Figure 12). The characteristic binding energies of
Mg, O, Ca, P, Ti, and C elements were revealed in the XPS survey scan spectra of immersed bare
samples. The presence of carbonates on the surface of the immersed sample due to inadvertent
contamination is indicted by the C 1s peak at ~286 eV [55]. The Ti 2p peak at a binding energy of
~458.8 eV corresponded to the presence of TiO2 [51] within the substrate of samples. The scan analysis
of Mg 1s at approximately 1304 eV revealing one peak belonging to metallic Mg and/or MgO [52].
The Ca 2p and P 2p peaks resulted from the deposition of calcium phosphate components on the
samples immersed for seven days.

High-resolution X-ray photoelectron spectroscopy performed for the Ca 2p and P 2p peaks to
determine the detailed chemical composition of CaP components deposited on the samples during the
immersion in SBF solution (Figure 13). As illustrated in Figure 13, the precipitation of HA is indicated
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by the Ca 2p1/2 peaks appearing at ~347.1 eV; however, the Ca 2p3/2 peaks at ~346.4 eV present
the deposition of the Ca3(PO4)2 phase [23]. The P 2p spectrum consisted of three peaks (Figure 13),
which included the P 2p1/2 peak at ~133.2 eV and the P 2p3/2 peak at ~132.6 eV for Ca3(PO4)2 and
HA, respectively [69]. The Ca 2p and P 2p peaks revealed at ~345.2 eV and ~131.4 eV, respectively,
are attributed to the formation of amorphous calcium phosphate components during the soaking
process in SBF (Figure 13) [23].
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With regard to the intensity of high-resolution X-ray photoelectron Ca 2p and P 2p spectra,
a greater amount of Ca3(PO4)2 precipitation was detected on the coated samples than that of the
uncoated sample after seven days of immersion in the physiological solution, whereas the deposition
of HA on the coated nanocomposites was reduced by the restricted contact area between the substrate
of the nanocomposite comprising of HA and SBF solution due to the fabrication of the coatings.
The HA particles in the substrate can act as places to form and grow new HA precipitation during
immersion. After seven days of immersion in the SBF solution, the intensity of the related spectra to
the amorphous CaP components increased in the corrosion products of the coated samples compared
to those of the uncoated nanocomposite (Figure 13). Furthermore, the O 1s spectrum at ~531 eV
can arise due to hydroxyl (−OH), carbonate (CO3)2−, and/or phosphate (PO4

3−) groups [70,71].
The presence of magnesium hydroxide among the corrosion products was demonstrated by a single
Mg 2p peak (Figure 12) at a binding energy of 50.5 ± 0.1 eV (BE) [72,73]. As can be indicated by the
decreased intensity of the Mg 2p spectra, a lesser amount of magnesium hydroxide precipitated on the
Si/MgO-coated compared to those of the uncoated and MgO-coated immersed specimen samples,
which indicate enhanced degradation resistance of the Mg/HA/TiO2 bionanocomposite with the
Si/MgO coating.

The existence of Cl− and Na+ ions in the physiological environment resulted in the appearance of
Cl 2p and Na 1s peaks among the XPS spectra of samples immersed for seven days in SBF solution [72].
According to the EDS and XPS results, the amorphous components are CaP. A closer look at the
morphology and microstructure of the corrosion products that were precipitated on the bare and
coated nanocomposites with seven days of immersion in the SBF solution were obtained under TEM,
and are presented in Figure 14.
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Figure 14. TEM micrographs of corrosion products for (a) uncoated; (b) MgO-coated and (c)
Si/MgO-coated after 7 days of immersion in a SBF solution at 37 ◦C.

The presence of spherically-shape particles with a particle size of approximately 200 nm, accompanied
with the agglomerates precipitated on the immersed uncoated sample detected by the FE-SEM
observations, is confirmed by TEM analysis (Figure 14a). As indicated in Figure 14b, the corrosion products
deposited on the MgO-coated sample are composed of agglomerates, fine powders, spherically-shaped
and sheet-like particles; however, the presence the films with irregular shape in corrosion products of
Si/MgO-coated sample was demonstrated by TEM observations (Figure 14c).

3.5. Cell Viability, and Attachment of NHOst Osteoblasts

In fact, the ideal biodegradable candidate should have a suitable degradation rate to allow the
implant to maintain mechanical support during tissue healing while being nontoxic and compatible
with cells [52,74,75]. The relative cell viability (% of control) of the osteoblast cells (NHOst)
was determined after three, seven, and nine days indirect treatment with uncoated, MgO-coated,
and Si/MgO-coated by extraction media using MTT assay (Figure 15). The data are presented as
mean ± SD and values with p < 0.05 were considered as statistically non-significant. The percentages
of cell viability were calculated from the obtained OD using the reported Formula (1) for further
comparison. After three days of incubation, the viability of the NHOst cells cultured in the
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extraction medium of the Si/MgO-coated is 75 ± 3%. However, the extracted medium of the
uncoated nanocomposite shows significantly reduced cell viability and was determined to be 61 ± 6%.
The NHOst cells after incubation with the MgO-coated extraction medium for three days display less
cell viability (67 ± 2%) compared to that of the Si/MgO-coated. In the first three days of incubation,
the high cytotoxicity of the uncoated sample to the NHOst osteoblasts was indicated by the cell viability
percentages. However, in comparison with the uncoated nanocomposite, the MgO-coated shows
better biocompatibility. Additionally, pH values of the extracted media were monitored every 24 h for
possible changes. The pH values of the cell-free culture media collected from uncoated nanocomposite
after three, seven, and nine days were 8.1, 8.6, and 8.9, respectively. The values for the MgO-coated are
7.5, 7.8, and 8.2, and for the Si/MgO-coated are 7.4, 7.6, and 7.7, respectively, whereas the pH value of
the culture medium (without the bare sample) remained unchanged (pH = 7.3).
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Figure 15. Normal human osteoblast (NHOst) viability cells results indicated by MTT assay after
indirect treatment with uncoated, MgO-coated and Si/MgO-coated after 3, 7, and 9 days.

It is known that Mg alloys without any surface modification will be seriously degraded in contact
with the medium. The degradation process is followed by the production of hydrogen, Mg2+, and OH−

which, in turn, raises the concentration of Mg ions and the pH value of the medium. Rapid degradation
of Mg-based alloys accompanied by the release of hydrogen bubbles is detrimental to cell culture
and prevents the survival and growth of cultured cells. As the cells would be pushed away from the
substrate surface by the continuous release of H2, the cell adhesion on the sample surfaces in vitro and
in vivo would be inhibited. Moreover, clinical application of Mg-based implants was hindered owing
to their mechanical integrity loss by the rapid degradation rate before sufficiently healing the damaged
bone. As can be seen in Figure 15, the cell viability percentage improved by increasing the incubation
time as, after nine days, it reached 72, 71, and 84 for uncoated, MgO-coated, and Si/MgO-coated,
respectively. This enhancement can be attributed to the decline of the very fast initial degradation
rate of the Mg-based nanocomposite by the formation of corrosion products that act as the protective
coverage against corrosive media. Therefore, excessive formation of hydrogen bubbles, released metal
ions, and an alkaline environment that resulted from the rapid degradation of Mg-based samples
are restricted by the precipitation of corrosion products on the surface of the samples. As cells are
very sensitive to environmental fluctuations, MgO and Si/MgO coatings provide an environment
with a closer pH to the normal physiological environment by controlling the rapid corrosion rate
of the Mg-based nanocomposite, thus benefitting cell adhesion and growth. During degradation of
the samples, smaller amounts of Mg and alloying elements can be released from the coated samples,
thus giving rise to better cell viability and cell attachment rather than the uncoated sample. As better
cell viability and cell attachment are achieved when the cells are cultured in a friendly environment
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with less adverse stimulation and pH value, hydrogen evolution may negatively influence direct cell
adhesion [52]. Therefore, less hydrogen evolution by Si/MgO and MgO coatings provide more stable
surfaces with better biocompatibility than the bare nanocomposite.

Figure 16 shows the FE-SEM morphology of the cultured cells for 72 h on the surfaces of
uncoated, MgO-coated, and Si/MgO-coated, which clearly indicates the adhered cells on the surfaces.
Areas occupied by the cells on the surface are shown in Figure 16 by arrows. With regards to the
FE-SEM micrographs and cell viability test, the Si/MgO-coated nanocomposite exhibits good cell
adhesion and viability. This is possibly because of the formation of anti-corrosion, and biocompatible
surface coatings containing Si and MgO layers, which provide a more stable and favorable environment
for cell attachment and cell growth.

As can be observed in Figure 16, the NHost cells cultured on the uncoated sample spread less
and also have a more abnormal shape compared to cells, which adhered and spread well on the
MgO-coated with a normal shape. The NHost cells cultured on the surface of the Si/MgO-coated
are large in number and spread very well with three days of incubation. There is a higher tendency
of better proliferation among the cells that spread better, as good cell attachment is an important
parameter for promoting proliferation [52].
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Figure 16. FE-SEM micrographs of the cells cultured for 3 days on the surfaces of (a) uncoated,
(b) MgO-coated and (c,d) Si/MgO-coated, which evidently indicate the adhered cells on the
surfaces (arrows).

4. Conclusions

MgO-coated and Si/MgO-coated were fabricated using the ball-milling multi-step cold-pressing
sintering powder metallurgy (PM) technique. The XRD, EDS, XPS, and FE-SEM results confirmed
that monolayer MgO and double-layer Si/MgO as the protective coatings bonded onto the surface
of Mg/HA/TiO2 bionanocomposite to control the degradation rate in a physiological corrosive
environment. Potentiodynamic polarization, electrochemical impedance spectroscopy, and immersion
tests supported that the anticorrosion ability of Mg/HA/TiO2 was improved significantly after surface
modification. The smaller corrosion current densities and higher impedance in SBF were displayed
by the coated samples. Less hydrogen evolution and much less severe corrosion are observed for
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the Si/MgO-coated. The remarkable enhancement in the corrosion resistance is mainly attributed to
the stable and protective Si outer layer, as well as the partially-protective MgO inner layer. In vitro
immersion testing in simulated body fluid within seven days of immersion demonstrated that the MgO
and Si/MgO coating possesses a good biomineralization performance. With regards the biological tests,
cells attach and spread well on the Si/MgO-coated and cells incubated with the extracted medium of
the Si/MgO-coated show closer viability to the value obtained from the complete cell culture medium
compared to those of the uncoated and MgO-coated. This indicates that the Si/MgO-coated has good
biocompatibility in vitro. The improvement in the in vitro biological response cells resulted from
the improved corrosion resistance. Si/MgO is a promising method to improve both the corrosion
resistance and in vitro biocompatibility of the Mg/HA/TiO2 bionanocomposite based on our results.
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