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Abstract: Mg alloys are promising biomedical metal due to their natural degradability, good pro-
cessability, and favorable mechanical properties. However, the poor corrosion resistance limits their
further clinical applications. In this study, the combined strategies of surface chemical treatment
and layer-by-layer self-assembly were used to prepare composite coatings on Mg alloys to improve
the biocorrosion resistance. Specially, alkalized AZ91 Mg alloy generated chemical linkage with
silane via Si-O-Mg covalent bond at the interface. Subsequently, Si-OH group from silane formed
a crosslinked silane layer by Si-O-5i network. Further chemical assembly with graphene oxide
(GO), lengthened the diffusion pathway of corrosive medium. The chemically assembled composite
coatings could firmly bond to Mg alloy substrate, which persistently and effectively acted as compact
barriers against corrosion propagation. Improved biocorrosion resistance of AZ91 Mg alloy with
self-assembly composite coatings of silane/GO was subsequently confirmed by immersion tests.
Besides, the Mg alloy exhibited good wear resistance due to outside layer of GO with a lubricant effect.
Cell viability of higher than 75% had also been found for the alloy with self-assembly composite
coatings, which showed good cytocompatibility.

Keywords: corrosion resistance; Mg alloy; wear resistance; biomedical applications

1. Introduction

Due to the merits of natural biodegradability, good processability and favorable
mechanical properties etc., Mg alloys display promising biomedical applications in urinary
stent, vascular stent, artificial joints, etc., [1-5]. It can reduce the permanent metallic implant
risks of thrombosis, inflammatory responses, physical irritation, and inability to adapt to
the changes and growth of defect sites [6-8]. Yet, Mg alloys have a very low anti-corrosion
property, especially under the physiological environment of human body, in which Mg
(standard electrode potential of —2.37 V vs. SHE) with high chemical activity acts as anode
of galvanic corrosion [9-12]. Furthermore, the corrosion products with porous and loose
structure on Mg alloy substrate cannot slow down the corrosion process [13]. The rapid
corrosion results in the early loss of mechanical stability, thereby the structural failure of
Mg alloys [14-17]. Hence, it is of importance to improve the corrosion resistance for its
potential applications [18].

Surface treatment is one of the major strategies being extensively explored nowadays
to enhance the corrosion resistance of alloys [19-21]. It usually includes anodizing, ion
implantation, and chemical conversion layer, etc., which prevents corrosive medium
from penetrating onto the substrate surface at the initial stage [22-24]. This meets the
biodegradation requirements of biomedical applications that metals slowly corrode initially
and completely dissolve after completing their functions [25-27]. Among the methods
of surface treatment, silane treatment is proved to be greatly promising for isolating
Mg alloy substrate from corrosive medium. Silane is hydrolyzed to generate silanol
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group when it is in contact with water. This permits attachment to Mg alloy surface
through chemical bonding, which constructively promotes interfacial adhesion [28-30].
Moreover, the remaining silanol group can undergo self-crosslinking, producing a compact
layer on Mg alloy substrate. Yet, the layer was too thin to effectively hinder corrosive
medium penetration [31,32]. Moreover, it may hydrolyze again and lose its protective
effect. Additionally, the layer has no self-lubricating ability and is easy to be worn [33,34].

Graphene oxide (GO) sheet, as a two-dimensional (2D) ultrathin material, is known
for favorable tribological properties [35-37]. It readily adsorbs on the lubricated surfaces,
which brings about a very low coefficient of friction [35,38]. Moreover, GO has also been
investigated to protect metals from corrosion by some researchers. For example, Saud et al.
prepared GO layer on TiNb shape memory alloys to improve the corrosion resistance by
microwave sintering [39]. They found that corrosion resistance was greatly enhanced (from
620.7 Q-cm? to 1760.7 Q-cm?) after coating of GO. Raghupathy et al. also studied the effect
of GO on corrosion behavior of Cu-GO composite coatings and concluded that addition of
GO into Cu matrix generated a fine granular layer, which increased corrosion resistance [40].
Additionally, GO shows good biostability and biocompatibility for biological applications
according to the reports of Zheng et al. [41]. It should be noted that GO possesses many
functional groups on edges or surfaces, such as carboxyl, hydroxyl, etc., which opens a
new window to graft onto silane to generate a reliable bioactive layer on Mg alloy, thereby
effectively protecting the substrate against corrosion.

The purpose of this study is to investigate the possibility of silane/GO composite
coatings on AZ91 Mg alloy and thereby to improve Mg alloy corrosion resistance for
potential biomedical applications. In this work, the process of layer-by-layer self-assembly
was used to prepare silane/GO composite coatings on AZ91 Mg alloy. The wear behavior
and biocompatibility were also evaluated.

2. Materials and Methods
2.1. Materials

The used Mg alloy substrate was commercial AZ91, which was purchased from
Dongguan Jiazhou metal materials Co., Ltd., (Dongguan, China). AZ91 Mg alloy was cut
into cuboid with the dimension of 10 mm x 10 mm X 2 mm. Then it was polished using
1500 grit SiC paper, washed under ultrasonication and dried in hot air (represented by
AZ91 in this study). Silane reagent (3-aminopropyltriethoxysilane, APTES) was obtained
from Beijing Bailingwei Technology Co., Ltd., (Beijing, China). The as-received graphene
oxide (GO) sheet was from Beijing Huarei Ruike Chemical Co., Ltd., (Beijing, China).

2.2. Substrate Treatment
2.2.1. Treatment with NaOH

To assemble silane on AZ91 Mg alloy, the substrate surface needed to carry a negative
charge for chemical crosslinking. Treatment with NaOH would give rise to negatively
charged surface because of the excess hydroxyl. Moreover, NaOH-treated Mg alloy surface
produced an oxide layer with corrosion resistance. In this condition, NaOH treatment not
only helped in the assembly of silane on Mg alloy substrate, but also formed an oxide
layer against corrosion. The hydroxide-treated AZ91 Mg alloy substrate was illustrated
in Figure 1a,b. The polished AZ91 Mg alloy substrate was first immersed in 4.5 M NaOH
solution for 1.5 h at 35 °C, then thoroughly washed by deionized water and finally dried at
40 °C [42,43].

2.2.2. Treatment with Silane

To immobilize the GO sheet via chemical bonding, silane layer was prepared on the
substrate. APTES (9 mL), water (11 mL), and ethanol (80 mL) were mixed together to
prepare silane solution, which was under constant stirring for 1.5 h at room temperature to
allow hydrolysis of APTES. AZ91 Mg alloy was functionalized chemically via immersing
in hydrolyzed silane solution for 2.5 h in order to produce a linkage between Mg alloy
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surface and silane group at the pH of 8.5 according to the literature [44], in which amino
group was left for the next treatment with GO and silanol group was bonded onto Mg
alloy substrate for a high linkage efficiency. The chemically functionalized AZ91 Mg alloy
(denoted by AZ91S in Figure 1c—e) was first cleaned using distilled water to remove the
irregular polymeric APTES and then dried at 35 °C in hot air for 65 min [43].
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Figure 1. The schematic diagram of proposed layer-by-layer self-assembly lamellar structure
between silane and GO sheets on AZ91 Mg alloy substrate. Treatment with (a,b) NaOH,
(c—e) silane, (f-h) GO, respectively.

2.2.3. Treatment with GO

The as-received GO powder was dispersed in deionized water (115 mL) for 2.5 h
under ultra-sonication to prepare suspension (1.3 mg/mL). GO suspension was used to
treat AZ91S and the excessive GO sheets were removed by ultrasonication according to
reports from Qi et al. [45]. AZ91S was first immersed into GO solution at 55 °C for 2.5 h,
then removed out from GO solution and finally dried for 2.5 h at 55 °C [44,46]. These
samples were denoted by AS31SG, as shown in Figure 1f-h.

2.3. Characterization of Layers

AZ91, AZ91S, and AZ91SG were examined by Nicolet 6700 Fourier transform infrared
spectroscopy (FTIR; Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) with the
method of reflection-absorption infrared reflectance. The spectrum data were obtained
from 4000 cm ! to 500 cm ! with a resolution of 4 cm~!. The surface morphologies of the
layers on the samples were investigated by a scanning electron microscopy (SEM, Philips-
XL30, Amsterdam, Netherlands) with an operating voltage of 5.0 kV. The compositions of
layers on the samples were examined by energy-dispersive X-ray spectroscopy (EDS). An
X-ray photoelectron spectroscope (XPS, ESCALAB 250, Thermo Fisher Scienticfic, Waltham,
MA, USA) was used to examine the surface chemical compositions of the prepared layers
on AZ91 Mg alloy substrate. The excitation source of XPS was Al K« radiation and
the binding energy of 284.8 eV (Cls, contaminated carbon) acted as reference value. The
surface topography and roughness of samples were characterized by non-contact oscillating
atomic force microscopy (AFM, LSM700, Zeiss, Braunschweig, Germany) to obtain surface
information according to the method in the literature [47]. The tests were carried out at a
scanning rate of 1 Hz with a resolution of 512 x 512 pixels at room temperature.
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2.4. Biodegradation Tests
2.4.1. Immersion Tests

To check the stability of the silane-GO composite coatings on AZ91SG with AZ91 and
AZ91S as control groups, immersion tests were performed using simulated body fluid (SBF).
SBF contained of K,HPO,-3H,0 (0.231 g-L~1), NaCl (8.035 g-L 1), NaHCO; (0.355 g-L 1),
MgCl,-6H,0 (0.311 g-L~1), KCl1 (0.225 g-L. 1), NaySOy (0.072 g-L~1), CaCl, (0.292 g-L71),
CH,OH);CNH; (6.118 g-L~1). AZ91, AZ91S, and AZ91SG were soaked in SBF for 72 h. At
the scheduled time during immersion process, the surface morphologies were observed by
SEM and chemical compositions of the sample surfaces were analyzed by EDS.

2.4.2. Hy Release, pH Changes, and Mg Ion Measurements

Based on the recommended method by Kirkland et al. [48], hydrogen release was
measured via placing AZ91, AZ91S, and AZ91SG samples in SBF with the constant ratio
of solution volume to surface area of 30:1 (mL/cm?). The samples were suspended in an
inverted funnel to allow for full surface exposure at 37 °C and the water level was measured
according to a graduated burette. Three parallel samples for every condition were tested
to determine the hydrogen evolution. The pH values of SBF were determined by over
different immersion periods (24 h, 72 h, respectively) using a pH meter. The released Mg
ions after immersion in SBF for 24 h and 72 h were measured by ICP-OES (inductively
coupled plasma optical emission spectrometer, Agilent Technologies, Munich, Germany).

2.5. Wear Tests

The wear behaviors of AZ915SG with AZ91 as a control group were tested by a multi-
functional material surface performance tester (CFT-I, Lanzhou Zhongke Kaihua Technol-
ogy Development Co. Ltd., Lanzhou, China), which was ball-on-disk. The test was under
dry sliding friction condition according to the guidelines and the steel ball (hardness of
760-840 HV) with 4 mm in diameter moved in a linear (5 mm) at room temperature. The
used load was 1.0 N and the test time was 30 min. The wear scar morphologies of AZ915G
with AZ91 as a control group were observed by optical interferometer (BX60, Olympus Cor-
poration, Tokyo, Japan), respectively. Moreover, the corresponding 3D surface profilometer
(5T400, Nanovea, Irvine, CA, USA) was used to characterize the wear area contour.

2.6. Cytocompatibility

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed to determine the cytocompatibility of AZ91SG for potential biomedical ap-
plications [49,50]. AZ91SG was initially sterilized for 30 min using UV radiation, then
placed in DMEM (Dulbecco’s modified Eagle’s medium) for 72 h at 37 °C under humidified
atmosphere (5% CO;). The DMEM medium/surface area ratio was 1.25 mL/ cm?. The
extracts of AZ915G were centrifuged and stored for use at 4 °C. The MG-63 cell (human
bone osteosarcoma cell) was used for the experiments. The cells (10 cells per mL) were
incubated for 1 day. Subsequently, different dilutions of extracts (50% and 100%) were used
as culture medium. The DMEM (0% of AZ91SG extract) was used as control group. After
culture for 72 h, MTT dye was immitted to culture plate. Then DMSO (Dimethylsulfoxide)
(100 mL per well) was used to dissolve the precipitated formazan. Finally, the absorbance
was measured by a micro-plate reader (Hercules, CA, USA) at 450 nm and the cell viability
was determined using the following equation [51]:

Cell viability (%) = absorbanceest / absorbance ontrol X 100% (1)

2.7. Statistical Analysis

All of the tests were carried out at least three times. Results were recorded as mean
£standard deviation. The difference between the groups was analyzed by one-way analysis
of variance. * p < 0.05 was considered to be statistically different.
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3. Results and Discussion
3.1. Surface Characteristics

The FTIR spectra for AZ91, AZ91S, and AZ915G were shown in Figure 2. Apparently,
all the FTIR spectra were quite different. It was clearly seen that no obvious peaks were
observed for AZ91 metal substrate. In contrast, various distinct peaks occurred in FTIR
spectrum for the case of AZ91S. An obvious doublet around 2980 and 2850 cm ™! was
assigned to asymmetric and symmetric vibrations of methylene group (CHy), indicating
the successful combination of silane onto AZ91 Mg alloy substrate. Moreover, the chemical
incorporation of silane was further confirmed by the appearance of a new peak at 1570 cm ™!
as a result of the vibrational mode of amine group [52]. The Si—O-5i stretching vibration
from AZ91S could be obviously observed around 1101 cm ! [43,53], which indicated the
formation of siloxane network among Si-OH group. The peak around 1043 cm ™! was
assigned to the stretching in Si-O-Mg, which indicated the tight anchorage of silane on
AZ91 substrate. Both Si-O-Mg and Si-O-5i bonds promoted the condensation of silane
at the surface. Additionally, AZ91S did not exhibit a peak around 3690 cm ™!, indicating
no hydroxyl groups in the sample, which was as a result of chemical reaction between
magnesium hydroxyl and the silanol group from the hydrolyzed APTES. For AZ91SG, it
could be found that there existed a broad hydroxyl (-OH) peak around 36003200 cm ™!
after GO treatment [54]. Meanwhile, the transmittance peaks at 1630 cm 1, 1401 em !, and
1030 cm~! corresponded to C=C, -C-OH and C-O-C, respectively, which accorded with
the main absorption band of GO [55]. This indicated that GO has been successfully bonded
onto AZ91S. It was noteworthy that the peak at 1670 cm ! of the AZ91SG revealed the
existence of -NH-C=0 bond [56], implying the GO was grafted via amidation reaction
between the carboxyl and amide groups. The incorporation of GO further increased the
physical barriers against corrosion medium, which may effectively block the corrosion
penetration and provide constructive protection for AZ91 substrate.
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Figure 2. FTIR spectra for AZ915SG with AZ91 and AZ91S as the control groups.
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The chemical compositions of AZ91S and AZ91SG were further analyzed by XPS to
investigate the elements and valence states, as displayed in Figure 3a,d. The survey scan of
AZ91S in Figure 3a showed the appearance of 5i 2p, O 1s, N 1s, and C 1s peaks, etc., which
confirmed the incorporation of silane on AZ91 Mg alloy. It could be concluded that Si 2p
and N 1s peaks originated from silane, indicating that the covalent incorporation into AZ91
substrate occurred successfully. The Si 2p spectrum was shown in Figure 3b and it was
deconvolved into two peaks: Si-O-5i (101.8 eV) and Si-O-Mg (102.4 eV) [43,57,58]. The
formation of Si—-O-Si indicated the cross-link network of silane. The Si-O-Mg was assigned
to the reaction between silanol from hydrolyzed silane and alkalined AZ91 Mg alloy. As
displayed in Figure 3c, the survey scan of AZ91SG showed the appearance of O 1s, N 1s,
and C 1s peaks. Moreover, high-resolution spectrum of C 1s was presented in Figure 3d.
The C 1s peak could be fitted at 284.7 eV, 285.3 eV, and 288.5 eV using Gaussian-Lorentzian
curve, which were typically for C-C/C=C, C-OH and C-C=0 groups, respectively, which
implied that GO was bonded to AZ91S. The reuslt was consistent with the results in the
literature [43,59,60].
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Figure 3. Survey XPS spectra of (a) AZ91S with high resolution of (b) Si 2p spectrum; Survey XPS spectra of (c) AZ91SG
with high resolution of (d) C 1s spectrum to further study the chemical interaction between silane and GO.

The AFM topographic images of AZ91, AZ91S, and AZ91SG were used to evaluate
the surface characteristic because of the interactions of silane or/and GO layers on metal
substrate. The AFM images showed an obvious difference among them. It could be
found that on the surface of AZ91 there appeared some scratches or grooves in Figure 4a.
Waviness of the profile along the red plane had become pronounced, as shown in Figure 4b.
Profile roughness value (Pa) and areal roughness value (PSa) for AZ91 in Figure 4c were



Coatings 2021, 11, 515

7 of 15

(2

17.2 and 18.9 um respectively, which was caused by grinding. When silane was bonded
onto Mg alloy substrate, the surface of AZ91S was still scratched, but the scratches in
Figure 4d were slightly covered, as demonstrated by waviness of the profile in Figure 4e.
The Pa and PSa slightly decreased to 15.1 and 11.1 um in Figure 4f, respectively. These
results indicated that the treatment with silane changed the surface morphologies of AZ91,
resulting in relatively even and smooth surface on AZ91S. The treatment with GO on
AZ91S further changed the surface morphologies. Uneven surface morphology of AZ915G
was observed in Figure 4g, which was clearly different from that of AZ91S. The Pa and PSa
increased to 19.1 and 20.2 nm in Figure 4i, respectively. This phenomenon might result
from the full coverage of Go with wrinkles on the surface [53].
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Figure 4. Representative AFM images of (a) AZ91, (d) AZ91S and (g) AZ91SG; Height profile along the red plane of
(b) AZ91, (e) AZ91S and (h) AZ91SG with corresponding roughness for (c) AZ91, (f) AZ91S, (i) AZ91SG.

3.2. Corrosion Performance

The surface morphologies of AZ91, AZ91S, and AZ915G were examined using SEM
in conjunction with EDS to study the surface stability and the distribution of elements after
immersion tests. The time-dependent surface morphologies are shown in Figure 5. It was
clear that the entire surface of AZ91 in Figure 5a was covered with corrosion products
with oval or round appearance. After immersion for 72 h, the corrosion on AZ91 surface
was well localized, expressed by cavern and cracks in Figure 5b. The main elements of
corrosion products on AZ91 were O and Mg, indicating the surface was severely corroded,
as evidenced by EDS analysis of point A. Compared with AZ91, AZ91S exhibits a slightly
mild condition. It could be found that corrosion attack mostly occurred through pitting
with a small amount of corrosion products after immersion for 24 h in Figure 5c. The SEM
images in Figure 5d showed that the bright corrosion products increased with increase in



Coatings 2021, 11, 515

8 of 15

immersion time for 72 h. Moreover, the corrosion products became larger. Based on EDS
analysis of the large gray particles in Figure 5d as follows, the main chemical compositions
were O, C, Mg, Ca elements. This was due to the formation of MgO, Mg(OH),, MgCO3,
CaCQO;, etc., in SBF according to the related reports by Liu, Gonzalez, et al. [61,62]. The
corrosion for AZ91S might be related to the gradual hydrolysis or the ultrathin layer of
silane. Corrosive medium led to the deterioration of the anti-corrosion property of AZ91S.
As to AZ91SG, it exhibited a relatively dense and smooth surface with only a few bright
corrosion products in Figure 5e,f after immersion for 24 h and even 72 h, indicating that the
silane/GO composite coatings were stable and not changed much even on immersion in the
SBE. The elemental mapping analysis of AZ91SG after immersion for 72 h was performed
to assess the distributions of major components. The EDS elemental analysis showed that
it had higher contents of C and Mg elements due to the presence of silane/GO composite
coating with good protection effects on Mg alloy against corrosion. Element mapping in
Figure 5g, especially C and O, proved the uniform distributions of silane/GO coatings.
This offered reliable and long-term resistance against corrosion for Mg alloy substrate.

Counts

PointB

Counts

Counts

Figure 5. SEM in conjunction with EDS was used to study the surface morphologies and the
distributions of elements during immersion tests: SEM images with EDS analysis of (a) AZ91,
(c) AZ91S, and (e) AZ91SG after immersion for 24 h; (b) AZ91, (d) AZ91S, and (f) AZ91SG after
immersion for 72 h, respectively. (g) United Mg O, and C element distributions on AZ91SG after
immersion for 72 h.
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AZ91SG possessed the best corrosion resistance, although it showed the largest surface
roughness according to the AFM images in Figure 4i, suggesting that the roughness was
not the dominant factor for corrosion attack in this study. This might be related to the dense
and compact structure of silane/GO composite coatings on Mg alloy substrate. Gu [63]
also reported that NaHCO;3-treated Mg—Ca alloy with large surface roughness showed
high corrosion resistance and presented an extremely reduced corrosion process.

Mg ion concentration was utilized to assess the anti-corrosion effects of silane/GO
composite coatings on AZ91 Mg alloy, and the released Mg ions in the SBF were analyzed
by ICP-OES, as exhibited in Figure 6a. For AZ91, the released Mg ion up to 72 h increased
from 1.44 mM/cm? (24 h) to 4.32 mM/cm?. In contrast, AZ91SG showed a very slow release
of Mg ion ranging from 0.12 mM/cm? (24 h) to 0.34 mM/cm? (72 h), which was 0.544 g /L.
It could be observed that the average release rate of Mg ion for AZ91SG was much lower
than that of AZ91 during 72 h of immersion tests. The results clearly indicated that the
corrosion of AZ91SG was markedly alleviated in comparison with AZ91. Furthermore, pH
changes of SBF containing AZ91 and AZ91SG were shown in Figure 6b. Obviously, both
pH values of samples were observed in the alkaline region. Moreover, the pH gradually
increased with the prolongation of immersion time, especially for AZ91. It should be noted
that AZ91SG was less alkaline in comparation with AZ91. This most possibly could be
due to the protection of silane/GO composite coatings, as discussed in the immersion
performance tests.
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Figure 6. (a) Released Mg ions from ICP-OES measurement, (b) pH changes and (c) rates of Hj release from AZ915G with
AZ91 as a control group over a period of 24 and 72 h, respectively.
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Mg alloy surface layer might become unstable because of the released Hy. This
not only corroded the underlying Mg alloy substrate, but also increased the electrolyte
permeability through surface layer, thereby accelerating corrosion. In this study, H; release
tests in SBF were performed on AZ91SG along with AZ91. The results were exhibited in
Figure 6¢. As expected, AZ91 showed a quick and copious release of H, with time, the
H; release rate slightly decreased over immersion time. In contrast, AZ91SG only showed
small amount of Hj at the beginning of immersion tests, with less H, accumulation being
found two days later. The trend in Hj release was in agreement with that observed for pH
and Mg ion release tested by ICP-OES.

3.3. Wear Resistance

Wear behaviors of AZ91SG in comparison with AZ91 were displayed with the aid of
optical morphologies, 3D interferograms. Optical morphologies of wear tracks provided an
overview of the extent of damages. As shown in Figure 7a for AZ91, it could be observed
that lots of grooves and ridges on the wear track were parallel to the sliding direction,
which belonged to the abrasive wear behavior. Moreover, there were many wear marks and
debris on worn interface zone, which suggested severe abrasion. Compared with AZ91,
the amount of grooves and ridges on the wear track of AZ91SG decreased in Figure 7b.
The wear damage was reduced with relatively less marks and debris on worn interface
zone, suggesting that silane /GO composite coatings enhanced anti-wear resistance of Mg
alloy. Moreover, 3D interferograms which related with wear track profile were shown in
Figure 7c,d, respectively. For the wear track of AZ91, the maximum depth was 83 um, and
there were some protrusions. The surface showed different colors, indicating a server wear
behavior. In contrast, for the wear track of AZ91SG, the maximum depth was only 52 pm,
and the surface showed the relatively same color, representing a good protection capability
of silane /GO composite coatings on Mg alloy substrate. The volume loss was evaluated
according to three 3D interferograms with wear track profile in different wear areas [64,65].
Volume loss was calculated by length, width and height. In this way, the volume loss for
AZ91 SG was approximately 0.31 times of that for AZ91.

52 pm

Reference I
0

T{ni‘e

Figure 7. Optical images of wear tracks, 3D interferograms showing wear track profile for (a,c) AZ91
and (b,d) AZ91SG, respectively.
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3.4. Protective Mechanism and Biomedical Applications

Mg alloys with high specific strength, low density, and good biocompatibility etc.,
represented a promising biomaterial for biomedical applications, such as urinary stent,
vascular stent, etc. Compared with the currently used titanium-based biomedical metals,
the major advantages of Mg alloys were low biocorrosion resistance. The biocorrrosion
process was mainly composed of these reactions.

Cathodic reaction 2H,0 + 2e~ — 20H™ + Hj

Anodic reaction Mg — Mg?* + 2e~

Total reaction Mg + 2H,O — Mg(OH); + Hy

However, the biodegradation process was too fast to meet the needs of biomedical
metals due to the high chemical activity of Mg, especially in the environment containing
chloride ion in SBF, which resulted in a further corrosion reaction:

Mg(OH); + 2C1~ — MgCl, + 20H™

Surface treatment was an effective strategy to enhance the corrosion resistance. After
treatment with NaOH, there exists an oxide layer against corrosion. Further treatment
with silane, Si-O-Mg bond with high-density formed at the interface of alkalined AZ91
Mg alloy. Moreover, Si-O-Si network among Si-OH group formed. Both Si-O-Mg and
Si—O-Si bonds promote a solid and condensation intermediate layer of silane. The silane
layer acted a barrier to hinder electrolyte penetration, especially H,O and CI~, thereby
protecting underlying Mg alloy against corrosion. Furthermore, silane could chemically
bond into GO through amidation reaction between amino and carboxyl groups [43], further
lengthening and hindering the diffusion pathway of corrosive medium onto underlying
Mg alloy surface, as shown in Figure 8a.
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Figure 8. (a). Schematic diagram of anti-corrosion and anti-wear mechanisms for AZ91SG, and (b) its
cytocompatibility for potential biomedical applications by using MG-63 cells.
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GO sheet was one of the thinnest materials and consisted of carbon atoms which
were arranged tightly in a 2D hexagonal layered structure. Moreover, its large surface
area allowed it to readily prevent the direct contact of rough surfaces, reducing wear and
friction. In this study, GO were chemically bonded on the silane layer through amidation
reaction. The silane/GO composite coatings fully covered AZ91 Mg alloy surface in
Figure 8a, which enhanced the load-carrying capacity by the way of migration or micro
plastic deformation [55,66,67], thereby releasing the stress of wear process.

To determine the cytocompatibility of AZ91SG for potential biomedical applications,
MG-63 cells were grown and cultured in its extracts for 72 h and the results are shown in
Figure 8b. The cell viabilities of both extracts (50% and 100%) were both higher than 75%
which was a standard of good cytocompatibility. This showed that AZ91SG supported
the growth of cells, suggesting acceptable biocompatibility. One possible explanation for
this phenomenon was that the degradation process of AZ91SG was significantly slowed
down, as proven by immersion tests, H, release measurements. Moreover, pH and Mg?*
ion released from AZ91SG were lower than those of AZ91 or AZ91S. It should be noted
that Mg?* ion was 8 mEq/L after 24 h of accumulation in the SBF, which was lower than
the required daily dietary intake of at least 24 to 30 mEq [68]. Mg?* ion is metabolized out
of the body, leaving only a small amount in the serum [69,70]. It was reported that with
the increase of Mg?* ion in the serum, different symptoms began to appear. Patients begin
to develop ECG changes with Mg?* of 5-10 mEq/L. At 10 mEq/L, a loss of deep tendon
reflexes and muscle weakness happened. At 15 mEq/L, there were signs of abnormal
conductivity surface as SA/AV node block, etc., according to the related study [71,72].
Based on the study of layer-by-layer self-assembly process, the resulting AZ91SG might be
effectively applied in many biomedical fields, such as urinary stent, vascular stent, artificial
joints, etc.

4. Conclusions

Silane /GO composite coatings were successfully prepared on AZ91 Mg alloy by the
way of layer-by-layer self-assembly. The coating surface became rougher with Pa and PSa
increased to 19.1 and 20.2 nm, respectively. The siloxane network (5i-O-5i) and Si-O-Mg
bonds with high-density deposited on AZ91 Mg alloy. The further incorporation of GO
through amidation reaction increased another physical barrier against corrosion, which
was demonstrated by immersion tests due to the good adhesion of silane and the increased
penetrating pathway length of corrosive medium even after immersion in SBF for 72 h.
AZ91SG showed a very slow release of Mg ion ranging from 0.12 mM/cm? (24 h) to 0.34
mM/cm? (72 h) and was less alkaline in comparison with AZ91. Moreover, AZ91SG also
generated small amount of H, during immersion tests in SBE. The cell viability of AZ91SG
was higher than 75%, suggesting acceptable biocompatibility. The layer-by-layer self-
assembly might be considered as an effective method to enhance the corrosion resistance
of current Mg alloys for biomedical applications.
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