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Abstract: Owing to excellent mechanical property and biodegradation, magnesium-based alloys
have been widely investigated for temporary implants such as cardiovascular stent and bone
graft; however, the fast biodegradation in physiological environment and the limited surface
biocompatibility hinder their clinical applications. In the present study, magnesium alloy was
treated by sodium hydroxide (NaOH) and hydrogen fluoride (HF) solutions, respectively, to
produce the chemical conversion layers with the aim of improving the corrosion resistance and
biocompatibility. The results of attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) indicated that the chemical conversion layers
of magnesium hydroxide or magnesium fluoride were obtained successfully. Sodium hydroxide
treatment can significantly enhance the surface hydrophilicity while hydrogen fluoride treatment
improved the surface hydrophobicity. Both the chemical conversion layers can obviously improve
the corrosion resistance of the pristine magnesium alloy. Due to the hydrophobicity of magnesium
fluoride, HF-treated magnesium alloy showed the relative better corrosion resistance than that
of NaOH-treated substrate. According to the results of hemolysis assay and platelet adhesion,
the chemical surface modified samples exhibited improved blood compatibility as compared to
the pristine magnesium alloy. Furthermore, the chemical surface modified samples improved
cytocompatibility to endothelial cells, the cells had better cell adhesion and proliferative profiles on
the modified surfaces. Due to the excellent hydrophilicity, the NaOH-treated substrate displayed
better blood compatibility and cytocompatibility to endothelial cells than that of HF-treated sample.
It was considered that the method of the present study can be used for the surface modification of the
magnesium alloy to enhance the corrosion resistance and biocompatibility.

Keywords: magnesium alloy; chemical surface modification; blood compatibility; cytocompatibility;
endothelial cell

1. Introduction

Magnesium and its alloys are attracting more and more attention as kinds of biodegradable
metallic biomaterials due to their excellent mechanical properties and biodegradation [1–3], specifically
in the applications that require degradation and subsequent disappearance of the device after cure [4].
For example, magnesium-based alloys are very suitable for bone graft because the Young’s modulus
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and density are very close to human natural bone. On the other side, Mg and its alloys are good
candidates for cardiovascular stents due to their good biocompatibility and biodegradation [5].
Furthermore, the addition of some elements such as Zn into magnesium alloys can also impart
excellent antibacterial properties and thus make them suitable for antibacterial biomaterials [6].
Nevertheless, it is still a big challenge to control the corrosion rates while at the same time maintain
good biocompatibility. The adverse effects caused by the fast in vivo adsorption after the implantation,
such as excessive hydrogen production [7], local alkalization [8], enrichment of magnesium ions and
the second corrosion products, etc., can result in the premature loss of the mechanical strength and thus
prevent or delay the tissue healing, finally leading to implanting failure. On the other side, in most
cases, the magnesium alloy surface has a lack of bioactivities because there are no any biomolecules
or chemical groups on its surface; consequently, the surface biocompatibility need to be improved
before clinical usage. Immobilization of biomolecules on biomaterials’ surfaces represents one of the
most popular and effective ways to improve the surface biocompatibility. However, direct surface
biofunctionalization of the magnesium alloy may not be possible because of the fast degradation in the
physiological environment; therefore, in most cases, the control of corrosion rate should be considered
firstly so that the implant can maintain the sufficient mechanical properties before tissue healing.

It is well known that both the corrosion and tissue-biomaterials interfacial biological reactions
are surface phenomena. In most instances, surface properties play a determined role in the corrosion
resistance and the biocompatibility of the magnesium alloys. Accordingly, surface modification has
been one of the most important and effective methods to improve the corrosion resistance and the
biocompatibility [9]. To date, numerous surface modification techniques have been developed to
improve the biocompatibility and the corrosion resistance of the magnesium-based alloys, including
surface alloying [10], surface chemical treatment [11], fabrication of surface coating [12], plasma
treatment [13], self-assembly [14], micro-arc oxidation [15], anodization [16], plasma electrolytic
oxidation [17], etc. In addition, a recent study reported that a hybrid materials of poly (ether imide)
(PEI)-silica nanoparticles can be coated on the Mg surface to improve the corrosion stability and
implant–tissue interfaces of magnesium substrates [18], and the results indicated that the content of
silica can modulate the corrosion rate and biocompatibility and the authors stated that the hybrid
systems have significant potential as a coating material of Mg for load-bearing orthopedic applications.
Among these methods, formation of a chemical conversion layer via chemical surface modification
is a simple and cost-effective method and has been increasingly used to improve the corrosion
resistance and biocompatibility of magnesium alloy. Generally speaking, chemical surface modification
includes alkaline treatment [19], fluoride treatment [20], phosphating [21], anodization [22], ion
implantation [23], etc., all of which are associated with the replacement of the natively forming, and
not particularly the corrosion resistant oxide layer on the surface of the Mg substrate [24]. By chemical
surface modification, a dense and stable chemical conversion layer can be produced on the magnesium
alloys. The layer can isolate the substrate from the corrosion medium, and thus improve the corrosion
resistance and significantly reduce the adverse effects caused by the fast degradation. In the past
several decades, many studies have been performed to investigate the corrosion behaviors and
corrosion mechanism in the different corrosion mediums; however, relatively less literature reported
the biocompatibility of the chemical surface modified magnesium alloy, especially when it is used for
cardiovascular implants.

The aim of the present study is to investigate the corrosion behaviors and biocompatibility of
the chemical surface modified magnesium alloy. To this end, two chemical surface modification
methods, i.e., sodium hydroxide (NaOH) treatment and hydrofluoric acid (HF) treatment, were used
to modify the magnesium alloy surface to enhance the corrosion resistance. The blood compatibility
and interactions with endothelial cells were further investigated.
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2. Materials and Methods

2.1. Formation of the Chemical Conversion Layers

The AZ31B magnesium alloy rod (compositions: 3.19% Al, 0.81% Zn, 0.334% Mn, 0.02% Si,
0.005% Fe, 0.05% Cu, 0.04% Ca, 0.1% Be, Mg rest, Dongguan You’an Metal Materials Co., Ltd.,
Dongguan, China) was cut into 2 mm thick plates and then polished to the mirror surface using
abrasive paper from 600# to 2000#. After ultrasonically cleaned 10 min in acetone (Sinopharm Chemical
Reagent Co., Ltd, Huai’an, China), ethanol (Sinopharm Chemical Reagent Co., Ltd, Huai’an, China),
respectively, the sample was immersed into a 3 M NaOH solution (Sinopharm Chemical Reagent Co.,
Ltd, Huai’an, China) for 24 h in a 75 ◦C water bath. The sample was cleaned with plenty of distilled
water and dried by the compressed air flow. The obtained sample was labeled as Mg–OH.

For HF treatment, the sample was firstly treated 15 min by the mixture solution of NaOH
(50 g/L) and Na3PO4·12H2O (10 g/L, Sinopharm Chemical Reagent Co., Ltd, Huai’an, China) at room
temperature. Subsequently, the sample was cleaned and immersed into an HF solution (12 mol/L) for
another 15 min. The sample was cleaned by the distilled water and dried by the compressed air flow.
The HF treated sample was labeled as Mg–HF.

2.2. Surface Characterization

The surface chemical structures after the chemical surface modification was firstly investigated
by a TENSOR 27 (Bruker, Karlsruhe, Germany) ATR-FTIR with a grazing angle reflector and the
high-sensitivity detector. The experiment was carried out under atmospheric pressure and at room
temperature. The infrared spectra between 4000–650 cm−1 was plotted.

In order to further examine the surface chemical structures of the pristine magnesium alloy and the
chemical conversion layers, X-ray photoelectron spectroscopy (XPS, VG Scientific, East Grinstead, UK)
was utilized to detect the surface atomic concentrations of the different samples. The focused
monochromatic Mg Kα X-ray source was used for excitation. The experiment was carried at 14 kV
and the measurement pressure was 8 × 10−8 Pa. The take-off angle was kept at 30◦ and the atomic
information between 0 and 1200 eV was recorded. The surface atomic concentrations were calculated
through the software provided by the XPS supplier (Avantage XPS).

The water contact angle was used to characterize the surface hydrophilicity and the experiments
were carried out on a DSA25 contact angle goniometer (Krüss GmbH, Nürnberg, Germany) at room
temperature. A sessile drop method was applied to measure the water contact angle. After cleaning
and drying the samples, 10 µL of distilled water was dropped on the substrate and the liquid drop
image was immediately taken. The water contact angle was obtained by the software provided
by Krüss GmbH (Drop Shape Analysis, DSA Version 1.92, Krüss GmbH, Nürnberg, Germany).
Five parallel samples were measured and the values were averaged and expressed as mean ± standard
deviation (SD).

2.3. Corrosion Behaviors

2.3.1. Potentiodynamic Polarization Curve

The potentiodynamic polarization curves were plotted to characterize the electrochemical
behaviors of different samples in simulated body fluid (SBF, compositions: NaCl, 8 g/L; KCl, 0.4 g/L;
NaHCO3, 0.35 g/L; CaCl2, 0.14 g/L; Na2HPO4, 0.06 g/L; KH2PO4, 0.06 g/L; MgSO4·7H2O, 0.01 g/L;
glucose, 1 g/L; Sinopharm Chemical Reagent Co., Ltd, Huai’an, China). The pH value of the corrosion
medium was adjusted to 7.4 using an NaOH solution. The SBF solution was kept at 37 ± 0.5 ◦C
during the experiment. The experiments were carried out on a CHI660D electrochemical workstation
(CHI Instruments, Inc., Shanghai, China). A three-electrode system (CHI Instruments, Inc., Shanghai,
China) was used to measure the polarization curve. The sample, saturated Ag/AgCl electrode and
the platinum electrode were the working electrode, reference electrode and the auxiliary electrode,
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respectively. Before the experiment, the samples were encapsulated by epoxy resin using Cu wire,
as the conducting wire and the exposed area for each sample was about 1.13 cm2. The sample was
immersed into the SBF solution until the open circuit potential became stable. The polarization curves
were measured with the scanning rate of 10 mV/s. The corrosion current and corrosion potential were
determined according to the polarization curve.

2.3.2. Immersion Test

The immersion test was applied to further evaluate the in vitro corrosion behaviors of the
pristine magnesium alloy and the modified magnesium alloys in SBF solution. The sample was
firstly encapsulated using silicon rubber to expose the 1 cm2 area and subsequently immersed into
25 mL SBF solution (pH 7.4) at 37 ◦C for 1, 5, 7 days, respectively. After the pre-determined period, the
sample was taken out and washed with distilled water. The sample was dried and then a thin gold
layer was sputter-coated for the surface morphology observation by scanning electron microscopy
(SEM, FEI Quata 250, Hillsboro, OR, USA).

2.4. Anticoagulation

2.4.1. Hemolysis Rate

The hemolysis experiments were done in accordance with ISO 10993-4:2009 and ASTMF756-00.
The fresh whole blood was obtained legally from a healthy volunteer and mixed with 3.8 wt % sodium
citrate solution with the ratio of 9:1. The blood was centrifuged at 1500 rev/min to obtain the red blood
cells, and then 2 mL red blood cells was diluted to get 2% erythrocyte suspension using physiological
saline solution. The sample was incubated 1 h at 37 ◦C with 10 mL erythrocyte suspension. After taking
out the sample, the medium was centrifuged at 3000 rev for 10 min. The absorbance of the supernatant
was measured at 540 nm by a microplate reader (Eons, Bio-Tek, Winooski, VT, USA). For controls,
the mixture of 2 mL erythrocyte and 98 mL physiological saline was used as the negative control,
and the mixture of 2 mL erythrocyte and 98 mL ultrapure water was used as the positive control.
The hemolysis ratio was calculated according to the following formula:

R = (A − C1)/(C2 − C1) × 100%,

where R is the hemolysis ratio (%), A is the absorbance of the sample, C1 is the absorbance of the
negative control (%), and C2 is the absorbance of the positive control.

2.4.2. Platelet Adhesion

Platelet-Rich plasma (PRP) was prepared by centrifuging the fresh whole blood containing
3.8 wt % sodium citrate at 1500 rev/min for 15 min. The sample was incubated with 0.5 mL of
PRP at 37 ◦C for 2 h and then rinsed three times with phosphate buffer saline (PBS) to remove any
weakly adherent platelets. The adherent platelets were fixed in a 2% glutaraldehyde solution for
12 h. Subsequently, the samples were dehydrated using the graded ethanol and dried in atmosphere.
After being sputter-coated with a thin gold layer, the adhered platelets were observed by a scanning
electron microscope (SEM, FEI Quata 250).

2.5. Endothelial Cell Behaviors

2.5.1. Cell Adhesion

The samples were firstly sterilized by ultraviolet light and then placed into the 24-well cell culture
plate. In addition, 1.5 mL of 5 × 104 cells/mL endothelial cell (HUVEC, ECV304, Cobioer, Nanjing,
China) suspension was seeded on the substrate and incubated 6 and 24 h at 37 ◦C, respectively, in
a humidified atmosphere containing 5% CO2. The cell culture medium was DMEM/F-12 (Hyclone)
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supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. After that, the sample was
washed two times by PBS, the attached cells were fixed 2 h by 2.5% glutaraldehyde solution (Sinopharm
Chemical Reagent Co., Ltd, Huai’an, China). In order to observe the cell adhesion by fluorescent
microscopy, the cells were stained successively by rhodamine and 4’,6-diamidino-2-phenylindole
(DAPI, Sigma, Shanghai, Chian). To this end, 100 µL rhodamine solution (10 µg/mL, Sigma, Shanghai,
China) was added on the sample surface and incubated for 30 min. After being washed twice by the
physiological saline, 100 µL of DAPI solution was dropped on the sample surface for incubating for
15 min. The sample was washed twice again by the physiological saline and dried in the atmospheric
pressure. The adhered cells were observed by an inverted fluorescent microscopy (Carl Zeiss A2,
Jena, Germany).

2.5.2. CCK-8

The proliferative profiles of endothelial cells on the different samples were characterized by a
CCK-8 assay. In brief, the samples were firstly cleaned and sterilized for 5 h by ultraviolet light.
Subsequently, 1 mL of 5 × 104 cells/mL endothelial cells (HUVEC, ECV304) was seeded on the
sample surface and incubated 24 h at 37 ◦C. The cell culture medium was DMEM/F-12 (Hyclone)
supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. After removing the
culture medium, the sample was rinsed three times by the sterilized PBS. Furthermore, 20 µL CCK-8
solution and 200 µL DMEM culture medium were added on the sample and incubated 4 h at 37 ◦C.
The absorbance of the medium was measured by a microplate reader (Biotek Eons, Winooski, VT, USA)
at 450 nm. Triplicate parallel samples were measured and the values were averaged for each sample.

2.6. Statistical Analysis

For the results of CCK-8, hemolysis rate and water contact angle, the statistical significance
between the sample groups was assessed using one-way Analysis of Variance (ANOVA). A value of
p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) and X-ray
Photoelectron Spectroscopy (XPS)

The surface chemical structures after the chemical surface modification were firstly characterized
by ATR-FTIR. As shown in Figure 1, no infrared adsorption was observed on the pristine magnesium
alloy surface, indicating that there were no chemical groups on the pristine magnesium alloy surface.
After sodium hydroxide treatment, a sharp peak at 3700 cm−1 can be found, which can be attributed
to the adsorption of hydroxyls, suggesting that a significant amount of hydroxyls was introduced
on the surface after NaOH treatment [25] and a chemical layer of Mg(OH)2 was produced on the
substrate. The hydroxyls make the following surface functionalization possible. In our recent study,
we demonstrated that the self-assembly can be carried out on the NaOH-treated Mg surface, which
can be used to immobilize the biomolecules for improving biocompatibility [26]. For the hydrogen
fluoride treated sample, it can be clearly seen that no hydroxyls can be detected and there were two
new peaks at 900 and 720 cm−1, demonstrating that a magnesium fluoride layer was produced after
HF treatment.

XPS was utilized to further detect the surface atomic concentration of the different samples.
Figure 2 shows the XPS survey spectra of the different samples. The element concentrations were
listed in Table 1. It can be clearly seen that the peaks of C1s and O1s can be found on the curve of the
pristine magnesium alloy expect Mg1s and Al2p, indicating that there was carbon contamination on
the surface and the magnesium alloy was oxidized naturally. After sodium hydroxide treatment, the
oxygen concentration increased significantly while the concentration of Mg1s decreased obviously
(Table 1), suggesting that more oxygen has been introduced on the magnesium surface. These oxygen
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elements can react with magnesium to form the magnesium hydroxide layer, which can isolate the
substrate from the corrosion medium and thus enhance the corrosion resistance. After hydrogen
fluoride treatment, a strong F1s peak was observed on the curve of Mg–HF. At the same time, the
oxygen concentration decreased significantly, indicating that the newly formed magnesium fluoride
layer replaced the natively forming oxide layer on the surface of the Mg substrate.Appl. Sci. 2017, 7, 9 6 of 16 

 

Figure 1. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of 
the pristine magnesium alloy and chemical treated samples. 

XPS was utilized to further detect the surface atomic concentration of the different samples. 
Figure 2 shows the XPS survey spectra of the different samples. The element concentrations were 
listed in Table 1. It can be clearly seen that the peaks of C1s and O1s can be found on the curve of the 
pristine magnesium alloy expect Mg1s and Al2p, indicating that there was carbon contamination on 
the surface and the magnesium alloy was oxidized naturally. After sodium hydroxide treatment, the 
oxygen concentration increased significantly while the concentration of Mg1s decreased obviously 
(Table 1), suggesting that more oxygen has been introduced on the magnesium surface. These oxygen 
elements can react with magnesium to form the magnesium hydroxide layer, which can isolate the 
substrate from the corrosion medium and thus enhance the corrosion resistance. After hydrogen 
fluoride treatment, a strong F1s peak was observed on the curve of Mg–HF. At the same time, the 
oxygen concentration decreased significantly, indicating that the newly formed magnesium fluoride 
layer replaced the natively forming oxide layer on the surface of the Mg substrate. 

Table 1. X-ray photoelectron spectroscopy (XPS) surface atom percentage of different  
samples (wt %). 

Samples Mg C O F Al Zn 
Mg 42.05 12.72 43.22 - 1.47 0.54 

Mg–OH 22.15 22.87 54.12 - 0.86 - 
Mg–HF 28.19 25.96 8.94 35.97 0.94 - 

Figure 1. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of
the pristine magnesium alloy and chemical treated samples.Appl. Sci. 2017, 7, 9 7 of 16 

 
Figure 2. The survey X-ray photoelectron spectroscopy (XPS) spectra for different samples. 

3.2. Surface Hydrophilicity 

The surface hydrophilicity was characterized by the water contact angle. As shown in Figure 3, 
it can be seen that the pristine magnesium alloy exhibited relative hydrophobicity and its water 
contact angle was about 86.8°. After sodium hydroxide treatment, the water contact angle was 
reduced to about 21.6°, indicating that the hydrophilicity was enhanced obviously. According to the 
FTIR results, more hydrophilic hydroxyls can be introduced on the surface after NaOH treatment, 
which can significantly enhance the surface hydrophilicity. In contrast, as compared to the pristine 
magnesium alloy, the water contact angle was increased to 103.7° after HF treatment, suggesting that 
hydrogen fluoride treatment can enhance the surface hydrophobicity. It was considered that the 
magnesium fluoride layer contributed to the improved hydrophobicity. Therefore, the excellent 
hydrophilic chemical conversion layer can be produced by sodium hydroxide treatment, while a 
relative hydrophobic chemical conversion layer can be obtained after hydrogen fluoride treatment. 
In the following studies, the influences of different hydrophilicity on corrosion behaviors, blood 
compatibility and endothelial cell behaviors were explored in the present study. 

Figure 2. The survey X-ray photoelectron spectroscopy (XPS) spectra for different samples.

Table 1. X-ray photoelectron spectroscopy (XPS) surface atom percentage of different samples (wt %).

Samples Mg C O F Al Zn

Mg 42.05 12.72 43.22 - 1.47 0.54
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3.2. Surface Hydrophilicity

The surface hydrophilicity was characterized by the water contact angle. As shown in Figure 3,
it can be seen that the pristine magnesium alloy exhibited relative hydrophobicity and its water contact
angle was about 86.8◦. After sodium hydroxide treatment, the water contact angle was reduced to about
21.6◦, indicating that the hydrophilicity was enhanced obviously. According to the FTIR results, more
hydrophilic hydroxyls can be introduced on the surface after NaOH treatment, which can significantly
enhance the surface hydrophilicity. In contrast, as compared to the pristine magnesium alloy, the
water contact angle was increased to 103.7◦ after HF treatment, suggesting that hydrogen fluoride
treatment can enhance the surface hydrophobicity. It was considered that the magnesium fluoride
layer contributed to the improved hydrophobicity. Therefore, the excellent hydrophilic chemical
conversion layer can be produced by sodium hydroxide treatment, while a relative hydrophobic
chemical conversion layer can be obtained after hydrogen fluoride treatment. In the following studies,
the influences of different hydrophilicity on corrosion behaviors, blood compatibility and endothelial
cell behaviors were explored in the present study.Appl. Sci. 2017, 7, 9 8 of 16 
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3.3. Corrosion Behaviors

The corrosion behaviors were firstly investigated by the potentiodynamic polarization and
the results are shown in Figure 4. The corresponding corrosion parameters are shown in Table 2.
Generally speaking, corrosion potential (Ecorr) reflects the corrosion tendency while corrosion current
density (icorr) represents the corrosion rate. Under the same conditions, the sample with larger
corrosion potential is generally more difficult to corrode than the sample with lower corrosion potential.
As shown in Figure 4 and Table 2, when compared to the chemical treatment substrates, the pristine
magnesium alloy showed the lowest corrosion potential (−1.57 V) and the largest corrosion current
density (37.26 µA/cm2), suggesting that the unmodified magnesium alloy can easily corrode in SBF,
and its corrosion rate was the largest. After chemical surface modification, the corrosion potential
shifted to −1.174 V (Mg–OH) and −1.128 V (Mg–HF), respectively, indicating that both chemical
surface modification methods can reduce the corrosion tendency of magnesium alloy. It was considered
that the chemical conversion layers were dense and stable and their microstructure were favorable
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for the improvement of the corrosion resistance. On the other side, as shown in Table 2, the corrosion
current densities were reduced to 2.05 µA/cm2 (Mg–OH) and 0.68 µA/cm2 (Mg–HF) after surface
modification and these values were significantly lower than that of the pristine magnesium alloy
(37.26 µA/cm2), demonstrating that the chemical surface modification can significantly enhance the
corrosion resistance of magnesium alloy. According to the previous FTIR and XPS results, the newly
formed chemical conversion layers (Mg(OH)2 or MgF2) replaced the loosely native oxide layer on
the magnesium alloy substrate, which provide the barriers to isolate the corrosion medium from the
magnesium substrate, and therefore leading to better corrosion resistance.

Table 2. The corrosion potentials and corrosion current densities of different samples.

Samples Ecorr (V) icorr (A·cm−2)

AZ31B −1.570 3.726 × 10−5

Mg–OH −1.174 2.052 × 10−6

Mg–HF −1.128 6.821 × 10−7
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In addition, it can be seen from Figure 4 and Table 2 that Mg–HF showed better corrosion resistance
than Mg–OH because the former had relative larger corrosion potential and smaller corrosion current
density. As shown in Figure 5, the surface of the substrate treated by HF showed the relatively smooth
morphology while the morphology of Mg–OH was relatively rough. The rough surface can increase
the contact area with corrosion medium, consequently leading to smaller corrosion resistance than
that of Mg–HF. In addition, the dense microstructure of magnesium fluoride may also contribute
to the enhanced corrosion resistance. On the other side, it is well known that the fluoride element
generally exhibits hydrophobicity. The magnesium fluoride layer can not only resist the substrate
from the corrosion medium but also provide a hydrophobic surface to prevent the corrosion ions from
penetrating into the magnesium substrate, leading to the enhanced corrosion resistance.
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immersed into SBF solution for different times and then the surface morphologies were observed by
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seven days, respectively, are shown in Figure 5. The pristine magnesium displayed a relatively smooth
surface while the other two modified samples exhibited relatively rough surface morphologies due to
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morphology, which contributed to the improved corrosion resistance because the rough surface can
increase the contact area with corrosion medium. On the other side, the relatively smooth surface of
Mg–HF also suggested that the chemical conversion layer of magnesium fluoride was denser than
that of Mg–OH, which could contribute to better corrosion resistance. More corrosion products can be
clearly found on the pristine magnesium alloy surface only after immersing the sample in SBF for one
day when compared to the modified samples, indicating that the unmodified magnesium alloy had a
poor anticorrosion. After being immersed in SBF for five and seven days, a larger amount of corrosion
products can be observed, indicating that a serious corrosion occurred on the pristine Mg substrate.
In contrast, no obvious corrosion products were found on the chemical treated surfaces, demonstrating
that the corrosion resistance can be effectively improved by the chemical surface modification. It was
considered that the chemical conversion layer can prevent the corrosion ions from penetrating the
surface of the magnesium substrate. However, the obvious cracks can be observed on the chemical
treated surfaces. After one-day immersion, almost no corrosion cracks were found on the Mg–HF
surface while the relatively small cracks can be found on the Mg–OH surface, indicating that Mg–HF
showed better corrosion resistance than Mg–OH. After being immersed into SBF for five and seven
days, respectively, it can be clearly seen that the corrosion cracks became larger on both chemical
treatment surfaces, indicating the occurrence of corrosion. However, the corrosion was not serious as
compared to the pristine magnesium alloy.

3.4. Anticoagulation

Red blood cells (erythrocyte) are the major components of human blood. When the human
blood comes into contact with implants, the erythrocytes may be destroyed and activated, finally
resulting in the occurrence of hemolysis and clotting [27]. Therefore, it is generally expected that
the blood-contacting biomaterials have a low hemolysis rate. According to the Chinese standard, a
material is acceptable and can be used for blood-contacting biomaterials when the hemolysis rate is
below 5%. The hemolysis rates of the different samples are shown in Figure 6. As compared to the



Appl. Sci. 2017, 7, 33 10 of 15

modified samples, the pristine magnesium alloy exhibited the largest hemolysis rate and the value
was as high as 59%, indicating that a serious hemolysis occurred. It was considered that the high
hemolysis rate is closely related to the local alkalization induced by the fast corrosion of the pristine
magnesium alloy. A recent piece of literature reported that the high pH value caused by the fast
degradation of magnesium alloy can lead to a high hemolysis ratio [28]. On the other side, a high pH
value can increase the binding ability of hemoglobin to the membrane and subsequently increase the
hemolysis rate, and the red blood cells can fuse with Ca2+ of the medium, thus resulting in a rupture
of erythrocytes, finally leading to serious hemolysis [29]. According to our previous study, the pH
value was as high as 8.5 when the pristine magnesium alloy was immersed into SBF for two days [26],
and the higher pH value can be obtained when the sample was immersed into SBF for more time.
In addition, rapid release of magnesium ions from its fast corrosion is also related to severe hemolysis
reaction [30]. Consequently, serious hemolysis can occur on the pristine magnesium alloy due to its
fast degradation. After the chemical surface modification, it can be clearly seen that the hemolysis rate
decreased significantly; however, there was no significant difference between Mg–HF and Mg–OH.
As discussed above, both chemical surface modification methods can obviously enhance the corrosion
resistance and reduce the corrosion rate. Our previous study indicated that the pH value of Mg–OH
was significantly smaller than that of the pristine magnesium alloy [24] when they were immersed into
a corrosion medium for the same time, which contributed to the lower hemolysis rates of the modified
samples. However, it was noticeable that the hemolysis rate was larger than 5%, indicating that the
modified samples may not be suitable for the blood-contacting biomaterials, although the chemical
surface modification can significantly reduce the hemolysis rate. Therefore, it is necessary to further
modify the surface properties with other approaches, such as the immobilization of biomolecules, to
reduce the hemolysis rate.
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Generally speaking, human plasma proteins firstly adsorb in seconds to the biomaterials surface
when a biomaterial makes contact with blood [31]. Subsequently, the platelets will be attached on the
surface followed by complement activation and other blood cell responses, finally leading to thrombus
formation [32]. Consequently, the platelets have been considered as a major cause of thrombosis,
and platelet adhesion represents the popular approach to characterize the blood compatibility of
biomaterials [33]. The typical SEM images of the platelets adhered to the different samples were
shown in Figure 7. Obviously, more platelets can be observed on the pristine magnesium alloy surface
(Figure 7a). At the same time, some aggregated platelets were also observed and these aggregated
platelets may be further activated, indicating that the pristine magnesium alloy had relative poor
anticoagulation. The platelets on the pristine magnesium alloy surface extended their pseudopods
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(Figure 7d). In contrast, the number of platelets adhered to the Mg–OH and Mg–HF was obviously
reduced (Figure 7b,c), no aggregated and activated platelets were observed, and the morphologies
of the attached platelets display a more intact and typical disk-like shape (Figure 7e,f), indicating
that both chemical surface modification can improve the anticoagulation of the magnesium alloys.
In general, the excellent hydrophilic surface has low surface free energy, and it can prevent plasma
protein and platelet adhesion, therefore improving the blood compatibility. The magnesium alloy
treated by sodium hydroxide treatment had excellent hydrophilicity; therefore, the number of adhered
platelets decreased significantly as compared to the pristine magnesium, and no aggregated platelets
were found. For Mg–HF, a relative hydrophobic surface was achieved, which can reduce the ability of
the surface to adsorb platelet and therefore enhance the anticoagulation.Appl. Sci. 2017, 7, 9 12 of 16 
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3.5. Interactions with Endothelial Cells

Vascular endothelium is a thin layer of simple endothelial cells, which forms an interface between
circulating blood in the lumen and the rest of the vessel wall. Endothelial dysfunction, or the
loss of proper endothelial function, is often regarded as a key early event in the development of
atherosclerosis [34]. For the blood contacting materials or devices such as intravascular stents, the
inserted devices or materials inevitably cause the damage of endothelium and thus lead to endothelial
cell dysfunction. Therefore, endothelial cell behaviors on these implants surfaces play an important role
in the in vivo performances. Magnesium alloy has been intensively investigated as a cardiovascular
stent; therefore, endothelial cell adhesion was investigated in the present study. Figure 8 shows the
typical fluorescent images of the endothelial cells adhered to the different substrates. Because the cell
adhesion mainly occurs with 24 h, the amount of the adhered cells had no obvious change after six
and 24 h cultures for the same sample. Nevertheless, the cells exhibited better spread shapes on the
substrates after 24 h culture, suggesting that the adhered cells can sense the surroundings to extend
their pseudopod to spread on the surface. As compared to the pristine magnesium, more cells can be
observed on the chemical modified surfaces, demonstrating that the surface chemical modification
can enhance the cell adhesion. Because cells are very sensitive to environmental fluctuations, any
dramatic physical and chemical changes around them can produce deleterious and sometimes fatal
effects [35,36]. As shown by our results, the corrosion of magnesium could cause pH increase and
release of a significant amount of magnesium ions, resulting in the environment changes of cells and
thus leading to poor cell adhesion on the pristine Mg substrate. On the other side, proper reduction of
the degradation rate of magnesium alloy not only creates a relatively stable interface for cell adhesion
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and growth but also retards the release of corrosion products to reduce the cytotoxicity, therefore
finally resulting in the enhanced cytocompatibility [37]. It was reported that passivation of the Mg
surface in 1 M NaOH, which forms the Mg(OH)2 passivation layer, can strongly enhance cell survival
and adhesion [38]. Our results indicated that both of the NaOH and HF treatments can improve the
corrosion of Mg alloys and thus promote cell adhesion. Although the number of adhered cells on
Mg–OH had no difference with Mg–HF; however, it can be seen that the attached cells on Mg–OH
displayed typical cobblestone morphology, while the cells on Mg–HF and the pristine magnesium
alloy had relative shrinkage shape, indicating that cells on Mg–OH had better spreading.Appl. Sci. 2017, 7, 9 13 of 16 
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Mg–HF (c,f). The cells were cultured with samples for 6 h (a–c), 24 h (d–f), respectively. (yellow, nuclei;
green, cytosketolon).

It is well known that the proliferation percentage of cells on a surface indicates the
cytocompatibility of a substrate, which is useful in determining the potential biomedical applications
of the substrate [39]. In the present study, endothelial cell proliferation was investigated by the
CCK-8 method, and the results are summarized in Figure 9. Clearly, more cells could be found
on Mg–OH and Mg–HF as compared to the pristine magnesium alloy, indicating that the chemical
conversion layer can promote cell proliferation to some degree. According to the corrosion mechanism
of magnesium alloy, the fast degradation can produce a larger amount of OH− and thus cause high
local alkalization, which may severely affect the pH-dependent physiological processes such as cell
adhesion and proliferation. After chemical surface modification, a chemical conversion layer with the
improved corrosion resistance can be produced, which can reduce the corrosion rate and thus reduce
the pH change, leading to better cell proliferation. For example, fluoride treatment of magnesium or
its alloys leads to the replacement of original oxide film with a thin and more homogeneous layer
of MgF2 with higher polarization resistance. The advantages of newly formed layers are their high
density, lower water solubility, and the harmlessness of the release of fluorine ions into the organism.
On the other side, it was found from Figure 9 that the absorbance of Mg–OH was larger than that
of Mg–HF, suggesting that the growth and proliferation of endothelial cells on Mg–OH were better
than that of on Mg–HF. Although the modified surface cannot produce extracellular matrix (ECM)
protein for cell attachment and proliferation, the cells can grow well on the hydrophilic surface, as
compared to the cells on the hydrophobic Mg–HF surface. In general, cell growth on the hydrophilic
surfaces is usually more efficient than on the hydrophobic surface. In this case, cell adhesion can
also occur through non-receptor chemical binding, such as electrostatic, ionic-polar interactions, and
hydrogen binding to surface functional groups [40]. As shown in the results of ATR-FTIR and XPS,
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a larger amount of hydroxyl can be introduced on the surface and an excellent hydrophilic surface
can be achieved. Cell attachment can occur through hydrogen binding between hydroxyl and cells,
leading to better cell adhesion. The adhered cells can synthesize and deposit their own extracellular
matrix proteins on Mg–OH for further cell proliferation. The hydrophobic Mg–HF surface cannot
interact with cells by the non-receptor binding because it was lacking any reactive groups; however,
the hydrophobic surface may adsorb the protein from culture medium and thus promote cell adhesion
and proliferation. Consequently, the cell proliferation on Mg–HF was a little bit poorer than Mg–OH.Appl. Sci. 2017, 7, 9 14 of 16 
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4. Conclusions

The magnesium alloy was successfully modified by sodium hydroxide and hydrogen fluoride, and
the chemical conversion layers of magnesium hydroxide and magnesium fluoride were successfully
obtained. Sodium hydroxide can significantly enhance surface hydrophilicity while HF treatment
improved the surface hydrophobicity. Both chemical surface modification approaches can significantly
improve the corrosion resistance of the magnesium alloy. Owing to its hydrophobicity and relatively
smooth surface, Mg–HF had relatively better corrosion resistance than Mg–OH. Due to the surface
chemical structure changes and the improved corrosion resistance, the anticoagulation and endothelial
cell adhesion and proliferation were enhanced after the chemical surface modification. However,
the sample modified by sodium hydroxide showed the better anticoagulation and cytocompatibility to
endothelial cells than the HF-modified substrate. The method of the present study can be used for the
surface modification of the magnesium alloy to enhance the corrosion resistance and biocompatibility.
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