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Abstract: Constructing surface coatings is an effective way to improve the corrosion resistance and
biocompatibility of magnesium alloy bioabsorbable implants. In this present work, a titanium
oxide coating with a thickness of about 400 nm was successfully prepared on a MgZn alloy
surface via a facile magnetron sputtering route. The surface features were characterized using
scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and the contact angle method. The corrosion behavior and
biocompatibility were evaluated. The results indicated that the amorphous TiO2 coating with a flat
and dense morphology was obtained by magnetron-sputtering a titanium oxide target. The corrosion
current density decreased from 1050 (bare MgZn alloy) to 49 µA/cm2 (sample with TiO2 coating),
suggesting a significant increase in corrosion resistance. In addition, the TiO2 coating showed good
biocompatibilities, including significant reduced hemolysis and platelet adhesion, and increased
endothelial cell viability and adhesion.
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1. Introduction

Magnesium alloy (Mg alloy) is an excellent biological material for bioabsorbable implant
applications, due to its low corrosion resistance, good biocompatibility, and mechanical properties [1,2].
In recent years, cardiovascular stents made from absorbable Mg alloys have been developed to
overcome the drawbacks of permanent metallic stents, including late-term restenosis, delayed
re-endothelialization, and persistent inflammation [3,4]. However, the main disadvantage of Mg alloys
for medical applications is the rapid and inhomogeneous corrosion in the physiological environment;
hence, Mg alloy implants may lose their mechanical integrity before the complete healing of the tissue.
In order to solve this problem, surface modifications have been widely carried out to prepare suitable
coatings onto Mg alloys as corrosion protective layers, and also to improve their biocompatibility and
mechanical stability [5–9]. Therefore, modifying the surface with ideal coatings is of high significance
for Mg alloy stents.

For Mg alloy cardiovascular stents, some organic-based coatings, such as polylactic acid (PLA) [7],
polydopamine (PDA) [10,11], poly (lactic-co-glycolic acid) (PLGA) [12], and polytrimethylene carbonate
(PTMC) [13], have been commonly used as corrosion protection layers or drug delivery carriers
to prevent the in-stent restenosis (ISR). However, the adhesion of organic coatings still needs
to be improved. On the other hand, inorganic coatings can be prepared by various methods,
providing a superior adhesion with substrates. More importantly, inorganic coatings are remarkably
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corrosion-resistant, and thus, they should be suitable for Mg alloy stents to improve the rapid
corrosion behavior. Some inorganic coatings including magnesium fluoride (MgF2) [14] and titanium
dioxide (TiO2) [15,16] have been used to endow the Mg alloy with greater corrosion resistance and
improved biocompatibility.

It is well known that titanium oxide is chemically stable, and the biocompatibility of a titanium
oxide coating has been demonstrated [17–19]. In a representative literature, Huang et al. [20] synthesized
titanium oxide film on a cobalt alloy by ion beam-enhanced deposition at below 180 ◦C, and proved
that titanium oxide was an excellent blood contact material because of the semiconductor nature.
In our previous studies, the anatase titanium dioxide coating with sheet-like nanoscale features was
fabricated via the solvothermal route at 160 ◦C, which improved the corrosion resistance of degradable
MgZn alloy [21].

In view of the current research status and progress, there is still a lack of comprehensive
evaluation on the application prospects of the titanium oxide-coated absorbable Mg alloy stent.
In this paper, titanium oxide was prepared on Mg alloy substrates at room temperature by a facile
and clean magnetron sputtering. The comprehensive properties including corrosion resistance,
blood compatibility, and endothelial cells (ECs) adhesion of the as-prepared coating were discussed.

2. Materials and Methods

2.1. Preparation of the Coating

In the current study, titanium oxide coatings were deposited onto the surface of biomedical MgZn
alloy (composition: 2.0 wt.% Zn, 0.46 wt.% Y, 0.5 wt.% Nd, balance Mg), developed by Zhengzhou
University, China [12,22]. Firstly, rectangular samples with dimensions of 10 × 10 × 1 mm3 were cut
from the as-cast MgZn ingots by wire-electrode machining, then mechanically polished and sonicated
in ethanol for 5 min. Finally, samples were dried before magnetron sputtering. Titanium oxide was
deposited on the MgZn samples for 2 h, with a radio-frequency magnetron sputtering system by
sputtering a high-purity TiO2 target under a constant power of 150 W. The working pressure was 0.6 Pa
with an argon flow of 30 sccm.

2.2. Characterizations

The characteristics of the as-prepared coatings were analyzed by a scanning electron microscope
(SEM, Hitachi SU8000, Tokyo, Japan), energy-dispersive spectrometer (EDS), and atomic force
microscope (AFM, Bruker MultiMode8, Billerica, MA, USA). The crystal structure was determined by
employing an X-ray diffractometer (XRD, PANalytical X’Pert3 Powder, Malvern Instruments, Malvern,
UK) with Cu Kα radiation at 45 kV and 40 mA. The valence states of the elements were detected
using an X-ray photoelectron spectrometer (XPS). The water contact angle (CA) of samples (n = 3) was
measured with 10 µL droplets of deionized water at ambient temperature, using a contact angle meter.

2.3. Corrosion Tests

For corrosion tests, bare and Ti-O-coated MgZn samples (n = 3) were immersed in simulated body
fluids (SBFs, containing 8.035 g of NaCl, 0.355 g of NaHCO3, 0.225 g of KCl, 0.231 g of K2HPO4·3H2O,
0.311 g of MgCl2·6H2O, 40 mL of 1.0M-HCl, 0.292 g of CaCl2, 0.072 g of Na2SO4, and 6.118 g of
Na2HPO4, in 1000 mL of deionized water, pH = 7.4, 37 ◦C) [23]. The solution volume-to-specimen area
ratio was 40 mL/cm2. After a decent interval, samples were rinsed with deionized water and dried.
Then, the corrosion products were analyzed by SEM and XRD.

The electrochemical corrosion behavior of samples (n = 3) was measured through a
three-electrode system (CorrTest CS2350, Corrtest Instruments, Wuhan, China). A saturated calomel
electrode, platinum electrode, and the sample were respectively utilized as the reference electrode,
counter-electrode, and working electrode. The polarization curve of tested samples (with a 1 cm2 area
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exposed in 150 mL of SBF) was measured with a scanning rate of 0.5 mV/s, after a steady open-circuit
potential (OCP) value was achieved.

2.4. Biocompatibility Evaluation

Blood compatibility was evaluated including hemolysis and platelet adhesion. The samples
(n = 3) were put into the test tubes containing 10 mL normal saline at 37 ◦C for 30 min. Subsequently,
0.2 mL of diluted blood was added into every tube and incubated for 60 min at 37 ◦C. The solution
was centrifuged at 3000 rpm for 5 min and the absorbance (ODt) of the supernatant at 545 nm was
determined by a microplate reader. Normal saline was used as a negative control (ODnc), and deionized
water as a positive control (ODpc). The hemolysis ratio was calculated by the following equation:

Hemolysis ratio (%) =
ODt −ODnc

ODpc −ODnc
×100% (1)

For the platelet adhesion test, fresh human anticoagulant blood was centrifuged at 1500 rpm for
15 min and the upper yellow liquid was separated to obtain platelet-rich plasma (PRP). Then, 0.5 mL
of PRP was taken and dropped onto every sample (10 × 10 × 1 mm3, n = 3) in 24-well culture plates,
incubated at 37 ◦C for 120 min. After that, samples were taken out, rinsed with normal saline, and fixed
with 0.2% glutaraldehyde solution for 6 h. Finally, samples were washed with normal saline and
dehydrated with 50%, 75%, 90%, and 100% ethanol for 15 min, respectively, then dried and examined
by SEM.

Human umbilical vein endothelial cells (HUVECs, Ea.hy926, Cell Bank of the Chinese Academy
of Sciences, Shanghai, China) were selected to evaluate the cytocompatibility. The sterilized samples
(10 × 10 × 1 mm3) were put into 24-well culture plates (n = 3). The cells were cultured in Dulbecco’s
modified Eagle medium (DMEM), then digested by 0.25% trypsin and seeded on the surface of the
samples at a concentration of 2 × 104 cells/mL. After incubating for 1 and 3 d, 20 µL of MTT solution
(5 mg/mL in PBS) was added to the wells for 4 h incubation at 37 ◦C, then 150 µL of DMSO was added
and shaken for 10 min. The absorbance (ODt) of 100 µL of supernatant in 96-well plates was tested
by a microplate reader at 490 nm. DMEM solution with 10% serum was used as a negative control.
Cell viability was calculated by the following equation:

Viability (%) =
ODt

ODnc
× 100% (2)

To observe the adhered cells, samples were taken out and washed with PBS buffer several times,
then put into PBS buffer containing 2.5% glutaraldehyde for 12 h at 4 ◦C, and dehydrated in increasing
concentrations of ethanol. After drying and spraying with gold, the cell morphology on the surface of
samples was observed by SEM.

3. Results and Discussion

3.1. Coating Characteristics

Figure 1a,b present the surface and cross-sectional microstructure of the 400 nm-thick titanium
oxide coating deposited on the MgZn substrate after 2 h of magnetron sputtering. The obtained
coating was flat macroscopically but slightly rough on the microscopic level. There is a clear boundary
visible in the SEM image between the substrate and the coating. This is determined by the sputtering
process. Under the action of the electric field, the electrons collide with argon atoms in the process of
flying to the substrate, which makes them ionize to produce Ar+ ions and new electrons. The new
electrons fly to the substrate, and Ar+ ions accelerate to fly to the cathode TiO2 target and bombard
the target surface with high energy to make the target sputtering. The sputtered neutral target
molecules, i.e., TiO2, deposited and gathered more and more on the substrate to form a thin coating
in the form of nanoparticles. According to the results of AFM measurement, as shown in Figure 2c,
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the particle size was ~100 nm and the coating showed a smooth surface with a roughness (Ra) of 51
nm. The micro-characteristic of the coating caused a change in the surface water contact angle (CA),
from 8.4◦ of the polished MgZn substrate to 79.6◦ after magnetron sputtering, indicating a decreased
hydrophilicity, as shown in Figure 2a,b.

Figure 1. SEM morphologies of (a) surface and (b) cross-sectional microstructures, and (c) the EDS
spectra of the titanium oxide-coated MgZn alloy.

Figure 2. The contact angles of the (a) MgZn substrate, (b) TiO2 coating, and (c) the AFM micrograph
of the TiO2 coating.

In Figure 1c, Ti and O were detected in the coating by EDS, which confirmed the existence of the
Ti-O compound. Meanwhile, the phase composition of the coating and the chemical state of Ti were
investigated by XRD and XPS (see Figure 3). The result of XPS shows that all Ti in the coating exists in
the form of TiO2, because the peak positions of Ti 2p3/2 and Ti 2p1/2 are 458.4 and 464.1 eV, respectively,
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which are consistent with the electronic binding peak position of Ti4+ in TiO2 [17]. Figure 3a shows the
XRD pattern of the TiO2 coating deposited on the Mg alloy substrate. Clear peaks are found in the XRD
pattern, which are all characteristics of the Mg alloy substrate. In addition, there are no other diffraction
peaks corresponding to the titanium dioxide. A noisy pattern proves the amorphous structure of the
coating. The result shows that the structure of the TiO2 coating deposited by magnetron sputtering is
amorphous at a low temperature [18].

Figure 3. (a) XRD pattern of the titanium oxide coating along with the substrate and (b) XPS pattern of
high-resolving Ti 2p on the titanium oxide surface.

3.2. Corrosion Behavior

The corrosion behavior was studied by the immersion test and electrochemical technique.
The surface micrographs of the bare and TiO2-coated Mg alloys after 14 d immersion in SBF are shown
in Figure 4a,b respectively. The surface of the bare MgZn sample is heavily corroded, with abundant
corrosion products deposited. It has been evidenced that during the corrosion process of Mg alloys,
insoluble Mg(OH)2 is formed and falls off the surface of the matrix gradually with time, leaving an
uneven surface morphology [14]. By contrast, the corrosion extent of the TiO2-coated sample is
obviously lesser than that of the substrate. It can be seen that the surface was flat and the corrosion
products were smaller and discontinuous. In fact, the better corrosion resistance is mainly conditional
on the chemical stability of the TiO2 coating. In Figure 4c, it was observed that the uncorroded area
is where the TiO2 coating remains, even if the coating has been broken and incomplete. The results
prove that the 400 nm-thick TiO2 coating can provide effective corrosion protection for the Mg alloy.
The corrosion products are primarily Mg(OH)2, as shown in Figure 4d.
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Figure 4. SEM images of (a) bare and (b,c) TiO2-coated MgZn samples after 14 d immersion in simulated
body fluids (SBFs); (d) XRD pattern of corrosion products and (e) potentiodynamic polarization curves
in SBF of samples (tested after the coating preparation).

A more quantitative assessment of the corrosion resistance of the MgZn substrate with and
without the TiO2 coating was performed using potentiodynamic polarization curve measurements in
SBF, as shown in Figure 4e. From the polarization curves, the corrosion potentials (Ecorr) and corrosion
current densities (Icorr) were obtained. As is known, good corrosion resistance and low corrosion rate
can be reflected in a higher corrosion potential and a lowered corrosion current density. The Ecorr

of the MgZn sample increased from −1.70 to −1.65 V after the TiO2 coating deposition. The coated
sample exhibited a more positive corrosion potential than the bare substrate, so the substrate will be
corroded more easily than the TiO2-coated sample under the same conditions. In addition, it is found
that the Icorr of the TiO2-coated sample markedly decreased compared with that of the bare sample
(i.e., 49 vs. 1050 µA/cm2). Hence, the constructed TiO2 coating is a superior protective layer to retard
the corrosion rate of the MgZn substrate.

3.3. Biocompatibility

Materials with a poor hemolysis ratio could cause rupture of red blood cells, which may lead to
thrombosis and the implantation failure. The hemolysis ratio of biomaterials in contact with blood
should be less than 5%. The results in Table 1 show that serious hemolysis (47.23%, hemolysis ratio)
occurred in MgZn alloys without surface treatment, while the hemolysis ratio of samples modified
by the TiO2 coating was only 0.1%. The anti-hemolytic property of the Mg alloy was significantly
improved by TiO2 surface modification. Gao et al. [24] believed that the poor corrosion resistance
of the unmodified magnesium alloy increased the pH value of the blood rapidly and promoted the
combination of red blood cells and Ca2+ in the solution, finally resulting in the rupture of red blood
cells and serious hemolytic reaction. The above results demonstrate that the TiO2 coating can effectively
delay the corrosion of substrates and thus improve the hemolysis of Mg alloy.
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Table 1. List of the results of hemolysis and cytocompatibility tests.

Samples Hemolysis Ratio (%)
Cell Viability (%)

1 d 3 d

Control – 100 100
Bare MgZn substrate 47.23 94.1 89.5

MgZn substrate with TiO2 coating 0.10 93.4 94.8

Platelets play an important role in promoting blood coagulation. The platelet adhesion is an
essential reaction corresponding to the formation of thrombus and occlusion of arterial. Figure 5
provides the morphology of the platelets immobilized on samples. Figure 5a shows the adhesion of
platelets to MgZn alloy after 1 h of culture. The magnesium alloy surface was rapidly corroded in
plasma; hence, obvious cracks can be seen after the corrosion product layer drying. In respect of the
adhered platelets characteristic, a large number and serious aggregation of platelets was observed.
The adhesion and aggregation of platelets will be further activated to induce thrombosis. In addition,
the agglomerated platelets are likely to become fibrinogen adsorption sites, and the adsorbed fibrinogen
may also lead to thrombosis. The results indicate that the unmodified Mg alloy is easy to adsorb
platelets and has poor blood compatibility.

Figure 5. Typical morphology of adherent platelets on surface of (a) MgZn substrate and (b) TiO2 coating.

Figure 5b shows the adhesion of platelets on the surface of the TiO2 coating. The corrosion
resistance of the MgZn alloy was enhanced by surface modification, so after soaking in platelet-rich
plasma for 1 h, the sample was not corroded. Compared with the case of bare substrate, a remarkable
reduced number of adhered platelets could be seen on the surface of TiO2 samples, and no agglomeration
occurred. The nearly round shape and well-distributed morphology implied that the fixed platelets
were not activated during the culture. The results suggest that the TiO2 coating has a better ability of
anti-platelet adhesion.
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Accordingly, in consideration of the hemolysis ratio and the adsorbed platelets morphology of
different samples, the TiO2-coated MgZn alloy not only possesses excellent properties in cutting down
the hemolysis ratio but also has satisfied characteristics of not immobilizing or activating the platelets.

The TiO2-coated magnesium alloys exhibit good cytocompatibility. The viability of endothelial
cells reduced in the first 3 days when exposed to the bare magnesium extract. By contrast, the cell
viability of the coated group was above 90% at any time point, showing the desirable cytocompatibility,
as presented in Table 1. The results could be attributed to the lower values of Mg2+ ion concentration,
pH value, and osmolality in the extracts of TiO2-coated samples than those of bare magnesium [25].
Figure 6 shows the morphologies of Ea.hy926 cells cultured on the coated and uncoated groups for
1 day. For the uncoated samples, no cell was observed on the surface. As for the TiO2-coated sample,
it can be seen that the Ea.hy926 cells attached and proliferated well on the sample surface, and spread
in the shape of a spindle.

Figure 6. SEM images of Ea.hy926 cells after culturing for 1 d on (a) MgZn substrate and (b) TiO2 coating.

The endothelial cell plays a key role in constructing vascular tissue, and cell growth and
endothelialization can be controlled by the surface on which it attaches [26]. Generally, a smaller
contact angle can correspond to a stronger hydrophilicity of materials, which is more conducive to
cell adhesion [27]. The contact angle of the TiO2-coated sample is 79.6◦, much higher than that of the
uncoated MgZn alloy (8.4◦, see Figure 3a,b). However, although the uncoated MgZn alloy has the
better hydrophilicity, the cell adhesion on the surface is poor. In this paper, the results indicated that
the TiO2-coated sample was stable in the physiological environment and conducive for cell growth
and proliferation. Therefore, we believe that the effect of the alkaline environment and hydrogen
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evolution by the rapid corrosion might worsen the cell adherence and spreading on the uncoated Mg
alloy surface.

4. Conclusions

In this work, the titanium oxide coating was prepared on the MgZn alloy surface by magnetron
sputtering. The corrosion behavior and biocompatibility have been evaluated. The major conclusions
of the present work are as follows.

(1) A 400 nm-thick titanium oxide coating with a smooth surface was deposited on the MgZn
substrate after 2 h magnetron sputtering at room temperature. The coating was composed of
dense amorphous TiO2 nanoparticles.

(2) The corrosion resistance of MgZn alloy was improved apparently by the TiO2 coating. After 14 d
of immersion in SBF, the surface of the TiO2-coated sample was less corroded than that of
the substrate.

(3) The uncoated Mg alloys caused serious hemolysis and aggregation of platelets, whereas the
TiO2-coated sample had a hemolysis ratio of less than 1% and showed a better ability of anti-platelet
adhesion. The TiO2-coated MgZn alloy exhibited lower cytotoxicity and the endothelial cells
attached well on the surface, indicating good cytocompatibility.
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