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Abstract: A gradient Mg-8 wt % Si alloy, which was composed of the agglomerated Mg2Si crystals
coating (GMS8-1) and the eutectic Mg–Si alloy matrix (GMS8-2), was designed for biodegradable
orthopedic implant materials. The bio-corrosion behavior was evaluated by the electrochemical
measurements and the immersion tests. The results show that a significant improvement of bio-
corrosion resistance was achieved by using the gradient Mg–Si alloy, as compared with the traditional
Mg-8 wt % Si alloy (MS8), which should be attributed to the compact and insoluble Mg2Si phase
distributed on the surface of the material. Especially, GMS8-1 exhibits the highest polarization
resistance of 1610 Ω, the lowest corrosion current density of 1.7 × 10−6 A·cm−2, and the slowest
corrosion rate of 0.10 mm/year. In addition, GMS8-1 and GMS8-2 show better osteogenic activity
than MS8, with no cytotoxicity to MC3T3-E1 cells. This work provides a new way to design a gradient
biodegradable Mg alloys with some certain biological functions.

Keywords: biodegradable; bio-corrosion resistance; cytotoxicity

1. Introduction

Magnesium (Mg) and its alloys are promising biodegradable materials for metallic
implants, which have gained great interest from the bio-medical field [1,2]. The most
critical question for the clinical application of Mg alloys is to control the degradation
rate, because Mg belongs to chemically active elements and can be dissolved quickly in
the physiological environment. Thus, many methods including coatings [3–9] have been
tried widely. Moreover, the selection of an appropriate alloying element to retard the
degradation of the Mg alloys has attracted increasing attention in the last decades [10].

Silicon (Si) is an indispensable trace element in the human body. It can promote
the healing process of wound bone tissues and improve the immune system [11,12].
Mg-1 wt % Si alloy extract was reported to significantly promote the osteoblastic cell
viability [13]. Thus, it should be promising if the Mg–Si alloys can be used as the degrada-
tion biomedical materials for the good biological functions of Si. However, the addition of
Si can result in the generation of a secondary phase, e.g., Mg2Si. The higher potential of
the secondary phase leads to formation of the micro-galvanic cells between Mg2Si and the
adjacent matrix, which makes Mg2Si served as the initial site of localized corrosion and
accelerates the corrosion process of Mg alloys in simulated body fluid (SBF) [14].

In the last decades, many efforts have been made to clarify the relationship between the
secondary phases and the corrosion behavior. The influences of the morphology, size and
distribution of the secondary phases on the corrosion performance of the alloys have been
investigated [15,16]. Amirnejad et al. [17] and Ben-Hamu et al. [18] studied the effect of
Mg2Si morphology on the corrosion behavior. They suggested that Mg2Si phases with large
Chinese script shape accelerated the corrosion process, while the ones with the polygonal
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shape hindered it. Simultaneously, Ben-Hamu et al. [18] also pointed out that the former
morphology can be transformed into the latter one when the Si addition increased to above
1 wt %, thereby improving the corrosion resistance of the alloy. Additionally, Srinivasan
et al. [19] found that fine and evenly distributed Mg2Si intermetallics of polygon shape
inhibited the corrosion effectively and Zhang et al. [20] reported that a small amount of
Zn and Ca addition can refine and modify the morphology of Mg2Si, which may improve
the corrosion resistance. Although these attempts have obtained some achievements,
the degradation rate of Mg–Si alloys still cannot meet the requirement of orthopedic
implant materials.

Besides the modification methods mentioned above, some other techniques have
also been tried to decrease the degradation rate with outstanding results [21–23]. Among
them, the coating technology has attracted more attentions because a corrosion barrier
can form on the surface of the alloy matrix. For example, Kaseem et al. [24] developed a
highly compact coating on the surface of Al–Mg–Si alloy employing a plasma electrolytic
oxidation (PEO) method. They found that the main reason for this coating to eliminate
corrosion should be attributed to that the insoluble compounds of SiO2 and AlF3 were
incorporated uniformly throughout the coating. Additionally, Chen et al. [25] created a
porous and rough Si-containing coating on the surface of the Mg-Zn-Ca bulk metallic
glass (BMG) by using the micro-arc oxidation (MAO) technique. The results indicated that
corrosion resistance of BMG specimens was significantly improved. These works implied
that a surface modification of the magnesium alloys can result in great enhancement of
the corrosion resistance and substantially decrease the degradation rate. However, it
should be pointed out that most of the created coatings through the surface treatment
method were not very stable, and therefore their long-term corrosion resistances were
unsatisfactory. Considering that the biodegradation bone implant materials must suffer
the complexity environment of human body and take a long-term service, a more stable
and better corrosion-resistant coating are still expected.

In order to make use of the good biocompatibility of Mg–Si alloys as well as to solve
the problem of high degradation rate caused by the secondary phase, an Mg2Si/Mg gra-
dient composite was produced in our previous work [26] by using the electromagnetic
solidification technology. The coarse Mg2Si phases in the alloys were successfully agglom-
erated and precipitated on the surface of the Mg matrix because of the electromagnetic
force. The results show that the net-like Mg2Si-rich coating layer on the surface of the Mg
matrix can be served as a stable corrosion barrier and can significantly reduce the corrosion
rate. Thus, the produced Mg2Si/Mg gradient composite would be a promising candidate
for biodegradation bone implant. However, our previous work focused mainly on the
corrosion resistance of the composite material, the control mechanism of the degradation
rate was not discussed thoroughly. Additionally, the effect of this material degradation
on bone growth and healing has not been clarified yet. Therefore, it is necessary to do
a further work to control the degradation rate and understand interactions between the
biodegradable material and the osteoblasts.

In this paper, a gradient alloy with the initial composition of Mg-8 wt % Si was
produced firstly by using the electromagnetic directional solidification. Then the mi-
crostructure, bio-corrosion properties and biocompatibility as well as osteogenic activity of
the alloy were investigated. Moreover, osteogenic response of osteoblasts co-cultured with
the alloy extracts was evaluated.

2. Materials and Methods
2.1. Material Preparation

Gradient Mg-8 wt % Si alloy and conventional Mg-8 wt % Si alloy were prepared by
using 0.78 g high-purity Mg (99.98 wt %) pellets and 8.98 g high-purity silicon (99.99 wt %)
powders as the raw materials, and then they were mixed and melt in a high-purity graphite
crucible (outer diameter = 26 mm; inner diameter = 20 mm; depth = 90 mm). In order
to obtain the gradient alloys, an electromagnetic solidification apparatus was employed,
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and the schematic diagram is shown Figure 1. Before sample heating, the air in the quartz
chamber of the furnace was pumped out by a vacuum pump, and then the high purity
argon gas (99.999%) was refilled to the chamber in order to avoid the oxidation of Si and
Mg at high temperatures. After that, the alloys were completely melted in a graphite
crucible at 1223 K after 30 min heating. Then the graphite crucible was cooled by pulling
downward (pulling velocity was 10 µm/s) to prepare the gradient Mg-8 wt % Si alloy,
while conventional Mg-8Si (wt %) alloy was obtained by natural cooling without pulling
down the crucible.

Figure 1. Schematic of electromagnetic directional solidification setup: (1) Ar gas (99.999%) tank;
(2) gas flow meter; (3) two-way valve; (4) Ar gas inlet; (5) Ar gas outlet; (6) flange; (7) gas outlet;
(8) stainless steel; (9) quartz tube; (10) corundum tube; (11) graphite crucible; (12) induction coil;
(13) Mg–Si melt; (14) solidified Mg2Si crystals; (15) refractory; (16) drawing bar; (17) infrared
pyrometer; (18) vacuum pump; (19) glass bottle.

2.2. Microstructure Characterization

The solidified specimens were cut into two halves along the cross section. One half
was ground by SiC sandpaper and polished by diamond grinding paste, and then it was
ultrasonically cleaned and dried in cold air. Finally, microstructures of the solidified spec-
imens were observed via an Axiovert 40 MAT optical microscope (OM, Precise, Beijing,
China) and a scanning electron microscope (SEM, VegaIII LMU/LMH, TESCAN, Brno,
Czech Republic) equipped with energy dispersive X-ray spectrometry (EDS, Oxford In-
strument INKAx-sight; Oxford Instrument, Oxford, UK). The phase identification of the
samples was studied by X-ray powder diffraction (XRD, Rigaku D/MAX-2500PC, Rigaku,
Tokyo, Japan) analysis with Cu Kα radiation (λ = 0.154 nm, 40 kV, 150 mA) at a scan rate
of 0.3 ◦/s. The obtained XRD patterns were analyzed by MDI Jade 6.5 software (MDI,
Burbank, CA, USA). The other half was dealt with for other tests.

2.3. Bio-Corrosion Tests
2.3.1. Electrochemical Measurements

Each specimen was processed to the cylindrical shape with a diameter of 3 mm and
then they were mounted in self-curing denture acrylic. The electrochemical measurement
was carried out in a traditional three-electrode cell of the CS350H electrochemical worksta-
tion by setting the temperature of the phosphate buffer solution (PBS), which consists of
KH2PO4, Na2HPO4, NaCl and KCl, at 37 ± 0.5 ◦C. Saturated calomel electrode as reference
electrode, platinum electrode as counter electrode, with the self-made sample form a three
electrodes system. After an open circuit potential (OCP) test for 30 min, the potentio-
dynamic polarization curves and Nyquist plots were performed, respectively. Noting
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that the impedance electrochemistry tests were performed at the OCP. The polarization
curves were fitted by CorrView software (Wuhan CorrTest co. LTD., Wuhan, China) in
polarization resistance (Rp) mode and the Nyquist plots were analyzed by Zsimpwin 3.0
software (Princeton applied research, Princeton, NJ, USA). Three replicates were conducted
to ensure the reproducibility of each test.

2.3.2. Immersion Test

In terms of ASTM-G31-72 [27], specimens of Φ 3 × 10 mm were immersed in PBS with
the ratio of 50 mL/cm2 (solution volume/surface area). During the 7 day immersion, the
pH value of the solution was measured by a pH meter (PHS-3C). Then, the specimens with
corrosion products were fetched out to be examined by a scanning electron microscopy
(SEM) equipped with an energy dispersive X-ray spectrometer (EDS). After that, the
specimens were cleaned chemically in solution (200 g/L of chromic acid and 10 g/L of
AgNO3) for 10 min. The specimens were weighed before and after the immersion to get the
mass loss rate V (mm/y), which was calculated according to the following equation [26]:

V = (∆W)/(KρSt) (1)

where K is a constant (equals to 8.76 × 104), ∆W is the mass loss (g), S is the exposed
surface area (cm2), t is the immersion time (h), and ρ is the density of the material (g/cm3).

Finally, the cleaned corroded surfaces of the specimens were characterized by SEM
again. Three replicates were conducted for the reproducibility of each test.

2.4. Biological Test
2.4.1. Cytotoxicity Test

The pre-osteoblast MC3T3-E1 cells (ATCC CRL-2593) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 100 µL/mL peni-
cillin and 100 mg/mL streptomycin in a humidified atmosphere of 5% CO2 at 37 ± 0.5 ◦C.
The extracts of specimens were prepared in the DMEM serum free medium, with a ratio
of 1.25 cm2/mL (surface area/ medium volume). After 7 days incubation, the withdrawn
supernatant was centrifuged to get the extraction, which was then diluted serially to 10%,
30% and 50% concentration. Herein, DMEM was used as negative control group. Cells
of an initial density of 5 × 103 cells/well were incubated in 96-well plates with 100 µL
DMEM for 24 h to ensure attachment. Then the medium was replaced with the prepared
extracts. After incubating the cells for 3 days, 100 µL cell counting kit (CCK-8) was added
and the cells continued to be incubated for 6 h. Finally, the absorbance was measured
by spectrophotometer (Bio-RAD 680, Bio-rad, Berkeley, CA, USA) at 490 nm, and the
corresponding relative growth rate (RGR) of cells was calculated by the following equation
(OD represents optical density):

RGR =
ODtest

ODcontrol
(2)

where ODtest is the optical density of the cells co-cultured with extracts, ODcontrol is the
optical density of the cells cultured in DMEM.

The cells co-cultured with 10% extracts were then studied by immunofluorescence
technique. Meanwhile, the ion concentrations of the 10% diluted extracts were measured
by an inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8000,
PerkinElmer, Waltham, MA, USA).

2.4.2. Osteogenesis Test

The osteogenesis activity was evaluated by the method of alkaline phosphate (ALP)
staining. The exponentially growing MC3T3-E1 cells were trypsinized and seeded into a
6-well plank with 1 × 105 cells per well. Then the cells are continuously observed, and
co-cultured with 7 days extracts for 7 days. By the time, the cells were fixed with 4%
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paraformaldehyde and kept in a refrigerator at 4 ◦C for 30 min. Then the cells were washed
with PBS three times for 3 min. After that, the washing solution was removed and then
the staining solution was added according to the description of the ALP reagent box. The
cells were subsequently incubated at room temperature in the dark for 30 min. By then the
staining solution was removed and the cells were washed with distilled water. Finally, the
residue liquid was removed and then the staining test was completed.

3. Results
3.1. Macro Appearance and Microstructures

The macro appearances in longitudinal direction for solidified ingots were character-
ized, and the results are shown in Figure 2a,b. Conventional Mg-8 wt % Si alloy without
gradient structure was denoted as MS8. Gradient Mg-8 wt % Si alloy consists of two differ-
ent parts. The lower one is the agglomerated Mg2Si crystals and upper one is the eutectic
Mg–Si alloy, which was denoted as GMS8-1 and GMS8-2, respectively. The agglomeration
schematic diagram of Mg2Si crystals can be shown in Figure 2c. The primary Mg2Si crystals
precipitated first at the bottom of the crucible during the electromagnetic directional solidi-
fication process, which was consistent with the analysis of the Mg–Si phase diagram [28].
Next, the eutectic Mg–Si alloy phase of low melting point was solidified later at the upper
part of the crucible. Consequently, a gradient structure formed as shown in Figure 2b.
The specimens for tests were prepared from MS8, GMS8-1 and GMS8-2, respectively.
Figure 2d–f shows the microstructures of the solidified specimens. It can be seen from
Figure 2d that the primary Mg2Si with a dendritic morphology was randomly distributed
in the Mg matrix for the conventional Mg-8 wt % Si (MS8). However, GMS8-1 exhibited
continuous polygonal primary Mg2Si with a little bit of eutectic structure clearly (as shown
in Figure 2e), and GMS8-2 was composed of eutectic Mg2Si and Mg matrix (as shown
in Figure 2f). Moreover, the connected polygonal primary Mg2Si for GMS8-1 formed
like a network, which resulted from the existence of gradient temperature. The detailed
formation reason was clarified in our previous work [26].

Figure 2. Macroscopic appearance of MS8 (a), GMS8-1and GMS8-2 (b) in longitudinal direction;
schematic diagram of electromagnetic directional solidification (c); microstructures of MS8 (d),
GMS8-1 (e), GMS8-2 (f).

3.2. Bio-Corrosion Behavior
3.2.1. Electrochemical Corrosion Behavior

The fluctuating of OCP reflect the potential change of the electrode surface in elec-
trolyte without any externally applied voltage. Kania [29] reported that the testing time
of OCP was set to 60 min. Hamid [7] measured OCP against the time of 30 min. The
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main reason should be attributed to the difference of electrode materials and electrolyte,
resulting in the variation of time for the OCP becoming relatively stable in the experiment.
In this work, the OCP of samples was performed for 30 min. The potentiodynamic polar-
ization curves for specimens MS8, GMS8-1 and GMS8-2 were directly analyzed by software
CorrView, respectively, and the results were shown in Figure 3a. The fitted parameters
were listed in Table 1 with some typical biodegradable Si-containing Mg alloys from lit-
eratures [17,20]. From Table 1, it is obvious that the corrosion current densities (Icorr) of
GMS8-1 and GMS8-2 were much lower than that of MS8, and the typical Si-containing Mg
alloys (Mg-6Al-1Zn-1Si and Mg-0.6Si) lie between them. Especially, GMS8-1 presents the
lowest Icorr of 1.7 × 10−6 A·cm−2 with the largest Rp of 1.61 × 103 Ω. It is well known that
second phases always play a dual role in the corrosion process of alloys [14,30]. Generally,
second phases possess more positive electrode potential than the matrix in Mg alloys and
usually act as cathodes to accelerate the corrosion. However, if the positive second phases
can connect each other together in a net-like structure, it could act as barriers to resist
the corrosive ions attacking [31–33]. Herein, the connected big primary Mg2Si phases of
GMS8-1 happens to act as barriers and hinder the corrosive ions interpenetrating. Thereby
the polarization resistance (Rp) has been improved and the corrosion current decreased.
Moreover, the self-corrosion potential (Ecorr) of the three specimens is close to each other. It
is worth noting that the obvious break potential (Eb) presented on the anodic branches of
GMS8-1 and GMS8-2, indicating that the formed protective film was damaged at that time.
The more positive Eb was, the denser the film was. GMS8-1 shows a more positive Eb than
GMS8-2 because of the dense netlike structure of Mg2Si phase.

Figure 3. Potentiodynamic polarization curves of specimens (a); Nyquist plots of specimens (b);
equivalent circuit of specimens MS8 (c), GMS8-1 and GMS8-2 (d); pH value of PBS solutions with
specimens soaked for 7 days (e); corrosion rate by weight loss for 7 days (f).
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Table 1. Electrochemical parameters derived from the polarization curves of the specimens in PBS at
37 ◦C.

Specimen Ecorr(V) Icorr
(10−5A·cm−2) Eb(V)

Rp
(Ω·cm2)

Refs.

MS8 −1.58 28.1 254.5 This work
GMS8-1 −1.55 0.17 −1.37 1610 This work
GMS8-2 −1.57 2.56 −1.42 1291 This work

Mg-6Al-1Zn-1Si −1.65 8.61 [17]
Mg-0.6Si −1.72 3.06 711 [20]

As the Nyquist plots (Figure 3b) shown, MS8 only has a high frequency capacitor
loop while the specimens GMS8-1 and GMS8-2 still have another intermediate frequency
capacitor loop. Moreover, all of the three specimens have an inductive arc. The radius of
the capacitive loop at high frequency determines the corrosion resistance of charge transfer.
The largest radius of high-frequency loop for GMS8-1 suggests that it is the most difficult to
dissolve in solution. Meanwhile, the smallest loop radius of MS8 means that it dissolves at
the fastest rate in solution. As for the intermediate frequency loop, the arc was associated
with the protective properties of the oxide film formed on the surface of alloys [34–36].
The larger arc implies better protective property of the oxide film. Larger arc for GMS8-1
than that for GMS8-2 means the oxide film is more protective on GMS8-1. As for MS8,
no intermediate frequency loop implies that no protective oxide film formed. For Mg
alloys, the corrosion products are mainly Mg oxide and (or) Mg hydroxide, which are too
porous and loose to offer protection. The corrosive ions like Cl− can easily penetrate the
corrosion products film and reach the matrix. Hence, the localized corrosion occurs and it
is correlated with the low frequency inductive loop. This is the reason that all of the three
specimens show a low frequency inductive arc. However, the change of the microstructure
of GMS8-1and GMS8-2 may influence the protective property of the oxide film, which
might be the reason why GMS8-1and GMS8-2 show much higher bio-corrosion resistances
than MS8.

In order to further quantify the corrosion characteristics of the Nyquist plots, the
equivalent circuit models shown in Figure 3c,d were fitted by Zsimpwin 3.0 software, and
the fitted parameters are listed in Table 2. The value of Chisq proves the validity of the
equivalent circuit models.

Table 2. Parameters of the circuit model fitted from the Nyquist plots of the specimens in PBS at
37 ◦C.

Specimen MS8 GMS8-1 GMS8-2

Rs (Ωcm2) 26.48 8.15 7.17
Rct (Ω/cm2) 266.3 1335 1072

CPE1-T (F/cm2) 1.22 × 10−5 3.38 × 10−5

CPE1-P (F/cm2) 0.83884 0.83241
Rf (Ω/cm2) 511.4 271.2

Rc 26.3
Cc 4.44 × 10−8

CPE2-T (F/cm2) 6.72 × 10−5 4.43 × 10−4 1.99 × 10−4

CPE2-P (F/cm2) 0.9133 0.9687 0.9409
L (H/cm2) 846.1 185.3 73.88

Chisq 9.013 × 10−4 7.120 × 10−4 7.938 × 10−4

Rs represents the solution resistance. In Table 2, Rs of MS8 is much higher than
GMS8-1 and GMS8-2, which means the composition of solution is not that stable. It might
be caused by the faster degradation of MS8. Rct is the charge transfer resistance caused
by the electric double layer capacitance between the specimen surface and the electrolyte
during the electrochemical reaction. Compared to MS8, the larger value of Rct for GMS8-1
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and GMS8-2 implies that the charge transfer process is more difficult to occur. That is
to say, GMS8-1 and GMS8-2 are more difficult to degrade than MS8. CPE represents the
constant phase angle component of the electric double layer capacitor. Rf stands for the
oxide film resistance which can judge the protective property of surface film for Mg matrix.
Herein, it is easy to see there is no protective film generated above the surface of MS8, for
the lack of Rt data. The data of Rt for GMS8-1 and GMS8-2 shows both of them can form a
protective film on the surface after immersion. The higher Rt of GMS8-1 implies the more
protective film produced on the surface. Cc and Rc represent the capacitance and resistance
of this corrosion product layer. L is the inductive reactance at low frequency, representing
susceptibility to local corrosion. The higher Rct and Rf of GMS8-1 and GMS8-2 than that of
MS8 in Table 2 indicates the higher corrosion resistance. The charge transfer resistor Rct in
parallel with the electric double layer capacitor is a very important parameter and it is an
effective resistance for the corrosive ions to pass through the electric double layer to reach
the surface of the specimens. Furthermore, a larger Rf means the oxide film formed is more
resistant to corrosion. In particular, GMS8-1 presents the highest value of Rct and Rf, which
means the largest corrosion resistance, similarly with the results from polarization curves.
Differently, MS8 cannot form a protective oxide film on the surface, so it is the easiest to
corrode in solution.

3.2.2. Static Immersion Corrosion Behavior

The pH variation of PBS with specimens during 7 days immersion and the corrosion
rates of the specimens for 7 days by mass loss method are shown in Figure 3e,f, respectively.
In the first 12 h, the pH value increased rapidly, and then it climbed up slowly (as shown in
Figure 3e). The value of pH is dependent on the concentration of OH–, which is produced
by the reaction of Mg dissolution. The highest pH value for MS8 suggests that Mg dissolves
at the fastest rate. The lowest pH value for GMS8-1 means the slowest corrosion rate. This
phenomenon is demonstrated further by the mass loss rate (as shown in Figure 3f). Among
the investigated specimens, MS8 presents the highest corrosion rate of 4.98 mm/year, while
GMS8-1 shows the lowest corrosion rate of only 0.10 mm/year and GMS8-2 shows the
second corrosion rate of 0.16 mm/year.

To better clarify the origins of the corrosion behaviors, the morphology of 7 days
corroded specimens was observed and analyzed by SEM-EDS (as shown in Figure 4).
The surface of MS8 is covered by lots of corrosion products with a rough topography.
The chemical composition of point A is analyzed by EDS and the result shows that it is
composed of O, Mg and Cl. This indicates that the corrosion products are mainly MgO,
Mg(OH)2 and MgCl2, all of which are loose and porous. This character determines that the
product film is not protective. Unlikely, the surfaces of GMS8-1 and GMS8-2 are covered
with more uniform, denser, and thinner corrosion products films. The EDS result of point B
shows the corrosion product on GMS8-1 mainly consists of O, Mg and Si, which implies that
it might be MgO, Mg(OH)2 and SiO2. As for point C, it is made up of O, Mg, Si and P, which
means it might be MgO, Mg(OH)2 and SiO2 and some phosphate. To confirm this, the
corrosion products on the surface of GMS8-1 and GMS8-2 were examined by X-ray powder
diffraction (XRD) analysis and the patterns are shown in Figure 4d,e, respectively. It shows
that the corrosion products mainly composed of Mg(OH)2 and SiO2. The diffraction peaks
of Mg(OH)2 in GMS8-2 is much higher than that in GMS8-1, while the peaks of SiO2 and
Mg2Si phase in the former are much stronger than those in the latter. This result agrees well
with the conclusion of the above analysis. That is to say, much less generation of Mg(OH)2
in GMS8-1 means Mg is more difficult to degrade. Therefore, it should be concluded that
the larger the proportion of Mg2Si, the greater the bio-corrosion resistance.
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Figure 4. Surface morphologies of specimens after 7 days immersion: MS8 (a), GMS8-1 (b), GMS8-2
(c) by SEM with the EDS results of Point A, B and C; X-ray diffraction patterns of corrosion products
on GMS8-1 (d), GMS8-2 (e).

As is well known that the Pilling–Bedworth (P-B) ratio of SiO2 is 2.27 [17], which
could improve the density of the corrosion product film. This partly explains why GMS8-1
and GMS8-2 show better bio-corrosion resistance than MS8. Moreover, higher ratio of SiO2
in the products of GMS8-1 makes it possess larger bio-corrosion resistance, and GMS8-1
displays the largest bio-corrosion resistance.

In order to elucidate the corrosion process more directly, corrosion products are chem-
ically removed (as shown in Figure 5). The surface of MS8 is quite seriously corroded
(as shown in Figure 5a), while GMS8-1 and GMS8-2 remain relatively flat with no obvi-
ous pitting pits. From the enlarged views of the corroded surface of MS8 (as shown in
Figure 5d), corrosion around the second phase Mg2Si is more severe compared with other
areas. It should be pointed out [17] that the electrode potential of Mg2Si phase is higher
than Mg matrix. The micro-galvanic corrosion formed between Mg2Si and Mg matrix can
accelerate the corrosion. The Mg2Si phases in MS8 are distributed dispersedly, the existence
of Mg2Si phases can only play the role of accelerating the galvanic corrosion. Conversely,
the distribution of Mg2Si phases in GMS8-1 and GMS8-2 (see Figure 5b,c) were adjusted
by directional solidification, which resulted in a network of primary Mg2Si in GMS8-1
and randomly distributed fine eutectic Mg2Si in GMS8-2. This significant change in struc-
ture results in substantial enhancement of bio-corrosion resistance. For GMS8-1, the big
polygonal primary Mg2Si connected to form a net can act like a corrosion barrier to hinder
the corrosion process and Mg2Si itself is difficult to react with solution. Moreover, in the
enlarged views, a lot of spherical white particles are presented on the surface (Figure 5e).
The fine white spherical particles composed of Si and O, which can be concluded as SiO2
by the EDS result (see Figure 5g). SiO2 itself is not only insoluble in solutions, but also
can improve the compactness of the corrosion product film [37]. Si participating in the
corrosion film formation can also contribute to resist the corrosion attack. All these fac-
tors mentioned above are in favor of the enhancement of bio-corrosion resistance. As for
GMS8-2, the eutectic Mg2Si is fine and numerous (Figure 5f), the micro-galvanic corrosion
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occurred reasonably slightly and uniformly. It explains well that GMS-1 possesses the best
bio-corrosion resistance in the present investigation. Moreover, the bio-corrosion resistance
of the samples can be ranked as: GMS8-1 > GMS8-2 > MS8.

Figure 5. The surface morphologies of chemically cleaned specimens after 7 days immersion
(a,d) MS8; (b,e) GMS-1;(c,f) GMS-2; (g) EDS map result of red square in (e).

3.3. Cytotoxicity Evaluation

The cell viability (Figure 6a) of MC3T3-E1 cells co-cultured in the negative control
group, MS8, GMS8-1 and GMS8-2 extractions for 3 days shows that all the 10%, 30% and
50% extracts from GMS8-1 and GMS8-2 exhibit higher cell viability than the control group
and the cytotoxicity is of grades 0–1 [38]. Cell viability is always connected to the ion
concentrations in the co-culture medium [39,40]. The concentration of Mg and Si ions
released in 7 days extracts were shown in Figure 6b. The Si ions in solution for GMS8-1
and GMS8-2 are only 0.012 and 0.019 mg/L, respectively. As low content of Si ion in
physical environment is reported to promote injured bone healing [41], the trace amount
Si ions released by GMS8-1 and GMS8-2 involves positive influence on cells. Moreover,
Mg ions released always bring about promoting effects on cell growth [42–44]. Witte [41]
reported that appropriate magnesium concentration could lead to bone cells activation.
The concentrations of Mg ions are of 0.098 mg/L for GMS8-1, and 0.218 mg/L for GMS8-2,
much lower than 3.800 mg/L for MS8. One thing that should be mentioned is that higher
release of Mg ions definitely goes with the larger amount of OH–, which will result in a
bad effect on cell growth. Therefore, it is concluded that higher Mg ion and Si ion in 30%
and 50% MS8 extraction reduced the cell viability, and the trace amount Si ions and Mg
ions released by GMS8-1 and GMS8-2 are the basic reason for the higher cell viability.
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Figure 6. Cell viability of MC3T3-E1 cells co-cultured with extracts for 3d (a); ion concentrations
of PBS (b) with the specimens soaked for 7 days; immunofluorescence figures of ME3T3-E1 cells
cultivated with extracts of MS8 (c), GMS8-1 (d) and GMS8-2 (e) for 3d.

The morphologies of MC3T3-E1 cells co-cultured with 10% extracts were characterized
by immunofluorescence microscope in Figure 6c–e. All the cells adhere, grow and prolifer-
ate normally in vitro, in basically uniform spindle-shaped or star-shaped. The small blue
spheres dispersed are cell nuclei, the number of which are the largest for GMS8-1. Next
comes GMS8-2, and finally MS8. It demonstrates GMS8-1 exhibits the best proliferation
and the highest activity to MC3T3-E1 cells, compared with GMS8-2 and MS8, which leads
to the good effect on the enhancement of new bone formation and stable bone growth [45].
Therefore, GMS8-1 and GMS8-2 specimens are deserved for further study as promising
orthopedic implant materials.

3.4. Osteogenic Activity

The osteogenic activity of MC3T3-E1 cells co-cultured with extracts can be primarily
evaluated by alkaline phosphate (ALP) staining kit method. ALP activity is an indicator
of osteoblast function and differentiation. The amount of ALP content in MC3T3-E1cells,
characterized by the content of pale blue staining granules (as indicated by the red arrows
in Figure 7a–c), reflects the osteogenic activity and degree of osteogenic differentiation
of cells. It is seen that GMS8-1 has the largest amount of the blue granules, the second is
GMS8-2, and MS8 has the least number, which suggest that the ALP activity changes with
the specimens changed. Specially, GMS8-1 shows the largest ALP activity, that is to say
the highest osteogenic activity. The corresponding OD values (Figure 7 days) measured
verifies this result further. In other words, this gradient Mg-8Si alloy with components of
GMS8-1 and GMS8-2 is potential to be studied as biodegradable bone implant materials,
for the higher osteogenic activity compared with traditional MS8 alloy.
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Figure 7. Alkaline phosphate activity of ME3T3-E1 cells with specimens extracts of MS8 (a),
GMS8-1 (b), GMS8-2 (c); the corresponding OD values (d).

4. Conclusions

A gradient Mg-8Si alloy was successfully fabricated by employing the electromagnetic
directional solidification process. The longitudinal profile of the ingot revealed that an
obvious gradient structure, which consisting of primary Mg2Si-rich layer (GMS8-1) and
Mg-rich eutectic layer (GMS8-2) appeared in the sample. Both of GMS8-1 and GMS8-2
exhibited a great enhancement of the bio-corrosion resistance in PBS at 37 ◦C, which could
be attributed to the distribution of compact and insoluble Mg2Si phase. Especially for
GMS8-1, the coarse primary Mg2Si formed a net-like structure and acted as a physical
barrier to hinder the attacking of the corrosive ions and to obtain the highest bio-corrosion
resistance of 1610 Ω. As nutrient elements, Mg and Si exhibit growth promoting effects
on MC3T3-E1 cells with no cytotoxicity in this study. Especially, this gradient alloy also
displays good osteogenic activity, enabling this novel gradient Mg-8Si alloy to be of great
potential in the development of functional orthopedic implant materials.
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