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Ti6Al4V is one of the commonly used orthopedic metallic materials, but its bioactivity is
weak, which makes it challenging to produce bone integration between material and bone
tissue. In this study, an Mg/SrP composite coating was prepared on Ti6Al4V, to promote
bone tissue healing and shorten the healing cycle. The surface characterization, in vitro
degradation performance and bioactivity of the composite coating, were investigated. The
results revealed that Mg/SrP composite coating has more suitable degradation rate than
Pure Mg, no cytotoxicity was found on the Mg/SrP composite coated samples, higher
proliferation compared with the culture medium was found, indicating that the Mg/SrP
composite coating is a candidate coating on Ti6Al4V to improve the bioactivity.
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INTRODUCTION

Ti-based metal is one of the metallic materials used in dentistry and orthopedic surgery to enhance or
support or to replace an existing biological structure (Zhang and Chen, 2019; Hafeez et al., 2020; Liu
et al., 2020). Most of these medical devices are made of pure Ti and its alloy, because of their excellent
biocompatibility, enhanced corrosion resistance, and unique mechanical properties (Liu et al., 2004;
Gode et al., 2015; Yu et al., 2018b; Ebrahimi et al., 2019; Ibrahim et al., 2020). In the 1950s, Per-Ingvar
Branemark discovered the principles of osteointegration for the first time (Le et al., 2014). However, Ti-
based metal has still some shortcomings yet to be resolved. Themajor challenge for Ti is to improve the
osteointegration and enhance the bioactivity of the implants for bone regeneration and healing (Drago
and Howell, 2012; Attarilar et al., 2019; Wang et al., 2020). 3D printed porous structure and surface
modification are the conventional approaches to improve bone growth and enhance the bioactivity of
Ti. Surface modifications such as CaP coating could accelerate bone growth, and the physicochemical
changes of the implant could induce a firm bonding with the bone (Li et al., 2017).

Recently, Mg-based metals have shown great potential to be used as biocompatible and
biodegradable materials, because of their excellent properties, including relatively close elastic
modulus and density (41–45 GPa, 1.7–2.0 g/cm3) to the human bones (10–40 GPa, 1.8–2.1 g/
cm3) (Staiger et al., 2006; Witte et al., 2006; Kraus et al., 2012; Sun et al., 2012; Yu et al.,
2018a). Mg also exhibits a positive effect on bone tissue, which could improve the
reconstruction and healing of the associated bone. Witte (2015) reported that Mg-based metals
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showed a positive impact on the bone tissue, and high Mg ions
activated the surrounding bone cells (Wang et al., 2015). Zhai
et al. (2014) found that Mg also has a strong effect on the
apoptosis of osteoclasts and osteoblast, and influences the
proliferation. Therefore, Mg coating on Ti can enhance its
osteointegration properties. The main problem that exists for
Mg coating is its fast degradation (Salunke et al., 2011), mainly
when applied on implants with large surface area exposed to the
body fluid, leading to large pieces of layer peeling off the substrate
and the high alkaline environment around the implants limits its
application as a bone implant coating.

Strontium phosphate (SrP) a biocompatible coating was used
to control the degradation rate of pure Mg. Sr2+ ions have the
function to reduce bone resorption and cause to promote bone
regeneration (Boyd et al., 2015). Further SrP coating has excellent
corrosion rate and has been developed explicitly for
biocompatible orthopedic implants (Ke et al., 2014). The
morphology, size, concentration, charge, and surface
properties; all of them have a high impact on preventing
toxicity and harmful effects (Attarilar et al., 2020). To improve
the biological function of Ti6Al4V alloys, some nanoscale (Mg,
Sr)-HA powders were coated on its surface (Cao et al., 2019).

Therefore, in this work, a Mg/SrP composite coating was
deposited on the surface of the Ti alloy, to regulate the
degradation behavior of Mg-based metal coating, further
promote the bone tissue healing and shorten the healing cycle
of Ti alloy with the Mg2+ ions release from the surface. The
biocompatibility and corrosion resistance of Mg/SrP composite
coating on Ti alloy was also studied.

EXPERIMENTAL DETAILS

Materials and Methods
The schematic diagram of the Mg and Mg/SrP coatings
preparation process is shown in Figure 1. Mg coatings were
deposited on Ti6Al4V samples with a dimension of Φ 10 mm ×
3 mm by Physical Vapor Deposition (PVD) method. Firstly
Ti6Al4V substrate was polished, washed, ultrasonically
cleaned, and then dried. The vapor generated from the source

of pure Mg (99.99 wt%) at 700°C was carried by an Ar flow of 250
sccm and deposited on the substrate at a temperature of 300°C.
The vacuum pumps allowed the pressure of 10−1 Torr to collect
the high purity Mg. In the designing or optimization of PVD, the
coating thickness varies with the variation of source and substrate
distance. So it is essential to control the gap between the source
and substrate to control its depth because the coating with higher
thickness lowered the coating adhesion and possibly may affect
the bone tissue healing.

Mg coated samples were then treated with SrP coating. The
SrP coating solution consisted of 0.06 M NH4H2PO4 and
0.1 MSr (NO3)2. The dilute HNO3 was used to adjust the pH
to 3, and then the samples were immersed in the solution for
10 min at 80°C. The coated samples were washed with ethanol
and then warmly dried.

Characterization of Coatings
The surface and cross-section morphology of Mg and Mg/SrP
coatings were observed by scanning electronmicroscope (SEM, S-
3400 N) equipped with a dispersive energy spectrum (EDS).
Furthermore, the compositions of the layers were
characterized by X-ray diffractometry (XRD, Bruker D8
ADVANCE) using the CuKα line generated at 40 kV and 35 mA.

Electrochemical Test
A Gamry instrument (Reference 600) was used to examine the
electrochemical corrosion test. The samples used for this purpose
had an exposed area of 0.785 cm2 and were molded in the epoxy
resin. D-Hank’s was used to perform the test at a temperature of
37°C. The composition of D-Hank's solution was listed in Table 1.
The three-electrode cell used for this purpose consists of platinum
as the counter electrode; a saturated calomel electrode as a
reference electrode and the coated samples were working
electrode. After the 1800 s, the test started at an open-circuit
potential (OCP). At a frequency range of 100 kHz to 10 MHz, the
electrochemical impedance spectroscopy (EIS) was carried out at
the OCP. Concerning OCP, the potentiodynamic polarization
test started at a scan rate of 0.5 mV/s and a voltage of −0.25 to
0.35 V. For each coated sample the experiment was repeated three

FIGURE 1 | The schematic diagram for Mg and Mg/SrP coatings.

Frontiers in Materials | www.frontiersin.org November 2020 | Volume 7 | Article 5832402

Muhammad Ibrahim et al. Biodegradable Mg/SrP Coating on Ti6Al4V

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


times. The corrosion rate of Mg and Mg/SrP coating was
measured with the following equation (Chen et al., 2019). Icorr
the corrosion current density of the coating is measured by Tafel
extrapolation of polarization curve, Icorr is related to Pi (average
corrosion rate) in mm/year using the equation.

Pi � 22.85Icorr (1)

Immersion Test and Mg2+ Release
Mg and Mg/SrP coated samples with a size of Φ10 mm × 3 mm
were immersed in D-Hank’s solution for nine days at the ratio of
1.25 cm2/ml. The immersion solution was changed after each
24 h to keep it fresh. The pH value was recorded every 24 h before
refreshing the solution. The release of Mg2+ from each sample in

D-Hank’s solution at 1, 2, 3, 4, 5, 6, and 7 days were determined
by using inductive-coupled plasma mass spectrometry (ICP-MS,
Thermo, United States).

Cell Proliferation
MC3T3-E1 mouse preosteoblast cells were purchased from the
College of Stomatology, Fourth Military Medical University,
Xi’an, China. The α-MEM complete medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/ml
penicillin, and 100 mg/ml streptomycin, were used for cell
culture under the condition of 5% CO2 at 37°C. MC3T3-E1
incubated cells were seeded on Mg and Mg/SrP coated
samples in a 96-well plate with an initial density of 4 × 104

cells. Kit-8 (CCK-8, Japan) was used for this purpose. The
cultured medium at the time point of 1, 3, and 5 days was
transferred to new 96-well culture plates. CCK-8 solution
(10% volume) was added onto the plates and incubated for 3 h
at 37°C. A microplate reader was then used to quantify the
absorbance of the solutions at 450 nm wavelength with a plate
reader.

Statistical Analysis
Data were expressed in standard deviation (SD) and statistically,
one-way analysis of variance (ANOVA) was analyzed with a post-
hoc Tukey test. The significant P values of less than 0.05 were
considered.

RESULTS AND DISCUSSION

Characterization of Coatings
Figure 2 presents the surface morphology of Mg and Mg/SrP
coatings on the Ti substrate. Mg coating deposited smoothly and
densely with an average particle size of 7 μm (Figure 2A). From
the Mg/SrP composite coating observation, a small crystal-like

FIGURE 2 | Surface morphologies of the coatings of Mg (A) and Mg/SrP (B).

FIGURE 3 | XRD pattern of Mg and Mg/SrP coatings on Ti alloy.
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pattern was observed (Figure 2B). From EDS analysis, there are
Mg, Sr, and P elements in the Mg/SrP coating. Further analysis of
the coating layer was carried out from the XRD pattern
(Figure 3). The Mg coating consists of both Mg and MgO. In
the Mg/SrP coating, in addition to the diffraction peak of the Mg,
the existence of diffraction peaks belonging to Sr(H2PO4)2 and
Mg(H2PO4)2 indicates the presence of crystallization in the
coating, which arguments the strength of the coating with
substrate because the coating strength with the substrate is a
key factor for evaluation of its performance. Also, the low
adhesion strength possibly delaminates the coating layer from
the surface, which may cause the failure of the implant. Previous
studies also reported the importance of coating strength with the
substrate (Cao et al., 2019).

From the cross-section morphology of the coating shown in
Figure 4, it can be seen that the thickness of Mg coating was about
50–52 μm and that of Mg/SrP was 99–101 μm (Figure 4A).

Electrochemical Measurements
The electrochemical corrosions of Mg and Mg/SrP coatings
were characterized by potentiodynamic polarization curves and
electrochemical impedance spectrometry. Figure 5 showed the
polarization curves and impedance spectra in D-Hank’s
solution at 37°C for both Mg and Mg/SrP coatings. Table 2
presents the Tafel fitting results of both kinds of coating

surfaces. From the results we can see that the Mg/SrP
coating exhibited a lower current density of 0.700 ± 0.02 μA/
cm2 compared to that of Mg coating (3.400 ± 1.01 μA/cm2), the
corrosion rate of Mg/SrP coating is approximately 0.103 ±
0.01 mm/year, also less than that of Mg (0.52 ± 0.21 mm/
year). Similarly, from electrochemical impedance
spectrometry (EIS), the higher the arc in the impedance
spectrometry is, the higher the corrosion resistance of the
material is. Hence, the corrosion resistance of the Mg/SrP
coating is significantly higher than that of Mg coating
(Figure 5B), which is also consistent with the
potentiodynamic polarization curve. It implies that the SrP
coating shows more resistant to corrosion than the Mg coating.

Figure 6 shows the equivalent circuit of Mg and Mg/SrP
coating and Table 3 shows the fitted data obtained with ZSimp
Win software. C is the double-layer capacitance of solution and
coating surface, Y04 is the constant phase element, whereas R1

and R2 show the solution and charge transfer resistance,
respectively. From Table 3 R2 shows better corrosion
resistance. The corrosion resistance of coating increases with
SrP. To analyze the degradation of coating impedance is usually
adopted. From impedance curves in Figure 5, one capacitive loop
can be found on the Nyquist plot of the coating with Mg and
Mg/SrP coating. Usually, a larger diameter of the circuit and
higher impedance means better corrosion resistance of the

FIGURE 4 | Cross-section morphology (A) and EDS (B) results of the Mg/SrP coating.
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coating Table 3. Therefore Mg/SrP coating exhibited the highest
degradation resistance.

Immersion Test
Biodegradable materials are implant materials gradually corroded
in vivo, with the release of corrosion products, which dissolve
completely and assist the healing tissue without implant residues
(Li et al., 2014a). Biodegradable Mg-based materials have been
investigated widely, due to its unique degradation in the
physiological environment, to avoid the repeated surgery of

implants (Staiger et al., 2006; Chai et al., 2012; Zheng et al.,
2014). Mg having similar mechanical properties with human
bones and have a positive effect on the growth of bone tissue
(Witte et al., 2008). The pH and Mg2+ ion release results of the
coated samples immersed in D-Hank’s solution shown in
Figure 7. The products arising from the degradation of Mg
influence apoptosis of osteoclasts and proliferation of
osteoblasts has been observed to activate bone cell (Witte
et al., 2005; Li et al., 2014b).

From the variation of pH, it can be seen that the pH value of
Mg coated sample rises rapidly on the first day of immersion in
D-Hank’s solution to around 11, reaching a maximum, and this is
significantly higher than the Mg/SrP coated sample and the blank
control sample. In the following days, the pH value is on a
downward trend, and the overall pH value drops rapidly. The pH
of the Mg/SrP coated sample shifts up quickly to 9.75 after

FIGURE 5 | Potentiodynamic polarization (A) electrochemical impedance spectrometry (B) Nyquist curves (C) curves of Mg and Mg/SrP coatings in D-Hank’s
solution.

TABLE 2 | Tafel fitting results based on potentiodynamic polarizations tested in D-Hank’s solution.

Samples Potential (V) Current density (μA/cm2) Corrosion rate (mm/year)

Mg coating −1.620 ± 0.02 3.400 ± 1.01 0.521 ± 0.21
Mg/SrP coating −1.580 ± 0.01 0.700 ± 0.02 0.103 ± 0.01

TABLE 1 | The composition of D-Hank’s solution (g/L).

KCl KH2PO4 NaCl Na2HPO4.7H2O NaHCO3 C19H14O5S

0.4 0.06 8 0.06 0.35 0.02
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immersion on the first day, much lower than that of Mg coating
on the first day, after that, its downward pH trend is much slower
than that of Mg coating, showing more Mg coating left in the Mg/
SrP coating and presenting higher pH values in a more extended
degradation period.

The deposition of SrP coating protected the Mg coating from
degradation, but the existence of small non-uniform pores
permeated the solution to inert the inner layer, and the
degradation of Mg coating occurred. When Mg2+ ions
dissolved into the solution, the cation reacted with OH−to

form Mg (OH)2 in the solution. There is a release of Mg2+

ions during a different period, with both Mg coated and Mg/
SrP coated samples indicating a rising tendency. After 7 days of
immersion, the numbers of ions gradually rise to 73 and 69 ppm
respectively, which is an indication of the continuous degradation
of Mg coating.

AlthoughMg coating has well-established biocompatibility, its
uncontrolled degradation and corrosion in the body fluid are the
main factors affecting its reliability to support bone growth or
tissues healing process. Also, the degradation of Mg causes
hydrogen evolution (Witte et al., 2008). Both the formation of
hydrogen gas cavities and the alkalization of the body fluid
around the tissues interfere with the adhesion of the cell to

FIGURE 6 | Equivalent circuit of Mg and Mg/SrP coating immersed in
D-Hank’s solution.

FIGURE 8 | Cell proliferation in extracts after 1, 3 and 5 days of
incubation measured by CCK-8 assay. Statistically (n 3 (**) indicate, p < 0.01
while (***) indicate p < 0.03).

FIGURE 7 | pH change (A) and Mg2+ ions release (B) of the coatings at different immersion time in D-Hank’s solution.

TABLE 3 | Fitting results of Mg and Mg/SrP coatings immersed in D-Hank’s
solution.

Samples R1 (ohm) Y04 (S * s^n) C (F) R2 (ohm)

Mg coating 22.23 2.963 × 10–4 0.543 7,160
Mg/SrP coating 18.34 2.123 × 10–4 0.632 7,533
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the implants. The presence of SrP coating on pure Mg coated
implants reduced these phenomena. The release of Mg2+ ions
around the implant overlaps the osteoblastic lineage and cell
proliferation, which leads to the regeneration of bone tissues.

Cell Proliferation
Mg-Sr alloy containing a trace element of strontium may
stimulate and increase the formation of new bone (Gu et al.,
2012; Tie et al., 2016).

Figure 7 shows the cell proliferation assessment during the
first 5 days. At 1st day, Mg/SrP coating cultured with cells
showed relatively comparable absorbance, while Mg coating
had a relatively lower absorbance in comparison with the
control group. However, the absorbance, after 3 days,
increased drastically for the entire group. At Day 3 and 5,
Mg/SrP showed a relative increase in cell proliferation as
compared to Mg coating and Ti groups. At day one, it is
revealed from Figure 8 that Mg coating shows a lower value of
Optical Density (OD) as compared to the control, meaning
that cell proliferation was inhibited because of the slight
increase in pH value of the medium (Yang et al., 2013)
which is not suitable for murine BMSCs to be adapted in
the early stage. But cytoplasmic membrane would not disrupt
due to the variation of pH. It’s because the human body fluid is
a considerable buffer system, which can very well adjust the
pH of the physiological system. After 3 and 5 days, the
absorbance measurements increased drastically for all
groups, and no noticeable change was found. The results of
5 days demonstrate no cytotoxicity effect for both Mg and Mg/
SrP coated implants. Furthermore, the overall proliferation of
Mg/SrP group is better than the other group, due to the
controlled release of ions and slower degradation of the
coating. Mg2+ and Sr2+ ions in the coating surface have
been found to accelerate diffusion, cell adhesion which
favor effect on the mineralization and to improve cell
proliferation (Cao et al., 2019).

CONCLUSION

In the present work, Mg/SrP composite coating was prepared on
Ti6Al4V alloy. Mg/SrP coating initiated from the formation of
MgO/Mg(OH)2 carrying SrP: After immersion in the solution
containing ammonium dihydrogen phosphate and strontium, the
conversion reaction developed, MgO/Mg(OH)2–SrP flakes into
duplex coating, which cover the entire Mg coating after 10 min.
Such coating system reduced the degradation rate of pure Mg
coating and will serve in the future to control the degradation of
Mg base coating. Further Mg/SrP coating cultured extract show
high proliferation of MC3T3-E1 cells compared with normal
culture medium. These results revealed that the Mg/SrP
composite coating showed a higher corrosion resistance and
exhibited significant biocompatibility compared with pure Mg
coating on Ti alloy.
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