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ARTICLE INFO ABSTRACT

Keywords: Protein exerts a critical influence on the degradation behavior of absorbable magnesium (Mg)-based implants.
Magnesium alloy However, the interaction mechanism between protein and a micro-arc oxidation (MAO) coating on Mg alloys
Protein ) remains unclear. Hereby, a MAO coating was fabricated on AZ31 Mg alloy. And its degradation behavior in
Degradation phosphate buffer saline (PBS) containing bovine serum albumin (BSA) was investigated and compared with that
Micro-arc oxidation . . is . . . s

. - of the uncoated alloy. Surface morphologies and chemical compositions were studied using Field-emission
Biocompatibility

scanning electron microscope (FE-SEM), Fourier transform infrared spectrophotometer (FT-IR) and X-ray dif-
fraction (XRD). The degradation behavior of the bare Mg alloy and its MAO coating was studied through
electrochemical and hydrogen evolution tests. Cytotoxicity assay was applied to evaluate the biocompatibility of
Mg alloy substrate and MAO coating. Results indicated that the presence of BSA decreased the degradation rate
of Mg alloy substrate because BSA (RCH(NH,)COO ) molecules combined with Mg2+ ions to form (RCH
(NH,)C0O0),Mg and thus inhibited the dissolution of Mg(OH), by impeding the attack of CI™ ions. In the case of
MAO coated Mg alloy, the adsorption of BSA on MAO coating and the formation of (RCH(NH,)COO),Mg ex-
hibited a synergistic effect and enhanced the corrosion resistance of the coated alloy significantly. Furthermore,
cell bioactive assay suggested that the MAO coating had good viability for MG63 cells due to its high surface
area.

1. Introduction

Today, magnesium (Mg) and its alloys are implantable materials
due to their superior biocompatibility and biodegradable properties
[1-5]. However, Mg and its alloys degrade too fast due to their lower
electrochemical potentials [6,7], limiting their use as implants. Hence,
various surface modifications have been employed to control the de-
gradation rate of implantable Mg and its alloy. The surface modifica-
tions include layered double hydroxides (LDH) [8,9], calcium phos-
phates and Hydroxyapatite (HA) [10-12], montmorillonite [13], micro-
arc oxidation (MAO) [14-16], and layer-by-layer self-assembly (LbL)
[17,18] together with polymeric coatings (e.g. polylactic acid and
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silane coating) [19-21].

MAO coating has been widely utilized on Mg and its alloys [22]. By
a MAO process, a hard and porous ceramic coating is created on Mg
substrate [23-25]. The coating is formed through a chemical conver-
sion of Mg substrate into its oxides, which grows both outwards and
inwards. Zheng et al. [26] studied MAO coating on Mg—Ca alloys by
altering the applied voltages (300, 360 and 400 V). The results in-
dicated that MAO coating obtained at 360 V exhibited the best corro-
sion resistance and all MAO coatings improved the cell adhesion. Yao
et al. [27] found that incorporating P and Ca into a MAO-treated AZ91D
alloy enhanced its corrosion-resistant performance. In other words,
MAO coatings have shown favorable corrosion resistance, good
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Fig. 1. Schematic diagram of the preparation of MAO coating.

biocompatibility and excellent adhesion to Mg substrate [26,28,29].

Typically, the physiological solution (i.e. blood plasma) in human
body contains both inorganic ions and organic components. The in-
organic ions contain cations such as Ca®*, Mg®>*, Na* and K*, and
anions such as HCO5 , Cl*, H,PO, , HPO,2~ and SO,%~ [30]; whereas,
the organic species include glucose, amino acids and protein (e.g. al-
bumin) and so on. Our recent investigations showed that pure Mg ex-
hibits different corrosion behaviors in Hank's and NaCl solutions with
or without organic species [31]. The presence of glucose in NaCl so-
lution accelerates corrosion rate of pure Mg due to the formation of
gluconic acid, which attacks the oxides of the metal and promotes the
absorption of Cl ions on the Mg surface. Interestingly, pure Mg pos-
sesses a better corrosion resistance in Hank's solution than in saline or
0.9 wt% NaCl solution with the presence of glucose, which can be at-
tributed to the fact that glucose coordinates Ca®* ions in Hank's solu-
tion and thus improves the formation of Ca-P compounds on pure Mg
surface. The presence of both glucose and amino acids in 0.9 wt% NaCl
solution gives rise to accelerated corrosion of the pure Mg samples due
to the formation of schiff's base (-C=N-) [32]. Similar results have been
reported for Mg—Ca and AZ31 Mg alloys [1,6]. Cui et al. [6] reported
that glucose accelerates the corrosion rate of Mg-1.35Ca alloy in saline
solution through dissolving the Mg(OH), film. Li et al. [1] found that
the lower concentration (1 g/L) of glucose can inhibit the corrosion
behavior of AZ31 Mg alloy owing to complex formation with Mg>™*
ions, thereby preventing the contact of Cl ions with the metal surface.
However, higher content (2 and 3 g/L) of glucose can increase the
corrosion rate due to the transformation of glucose into gluconic acid,
thus promoting the absorption of Cl ions on to the surface.

Proteins also play an important role in the degradation behavior of
Mg and its alloys. However, there is no consensus over the influence of
proteins on the degradation of Mg and its alloys. Liu et al. [33] reported
that protein retards the degradation of Mg—Ca alloy in PBS solution due
to the synergistic effect of OH ions and negatively charged albumin
molecules that can inhibit the attack from aggressive Cl ions. Yama-
moto et al. [34] suggested that the adsorption of protein and the for-
mation of insoluble salts reduce the degradation of Mg substrate;
whereas amino acids promote the degradation of pure Mg. Interest-
ingly, Wang et al. [35] reported that the adsorption of albumin prohi-
bits the corrosion of Mg alloy M1A during the initial immersion period.
However, the presence of albumin accelerates the dissolution of Mg
alloy with the chelation effect in the later stage. Hence, it is critical to
further investigate the in vitro degradation mechanism of the Mg alloy
and its MAO coating in protein environment.

This study aims to investigate the interaction mechanism between
proteins and MAO coated Mg alloys, and to clarify the biodegradation
mechanism of MAO coating from a protein perspective. Moreover, the
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biocompatibility of Mg alloys and its MAO coating was evaluated.
2. Experiment
2.1. Materials and chemicals

The as-extruded Mg alloy AZ31 sheets (nominal compositions: Al
2.5-3.0 wt%, Zn 0.7-1.3 wt%, Mn > 0.20 wt% and the balance Mg)
were obtained from Shandong Yinguang Yuyuan Light Metal Precise
Forming Co. Ltd. China. Bovine serum albumin (BSA) was procured
from Sinopharm Chemical Reagent Co. Ltd. China. The AZ31 Mg sub-
strate was cut into a dimension of 20 x 20 X 5 mm, and ground with
1200 grit SiC paper. Before coating, the AZ31 Mg sheet was cleaned
with distilled water and ethanol, and dried in warm air.

2.2. Coating preparation

The pre-treated Mg AZ31 sheet was anodized using a home-made
MAO equipment. The device consisted of a power supply unit con-
trolled by a single chip micyoco, a stainless-steel plate as cathode and a
cooling system (Fig. 1). MAO coating was prepared with an AC power
supply with a duty cycle of 30%, a constant voltage of 300 V and a fixed
frequency of 300 Hz for 3 min. The electrolyte contained 8 g/L of
NaOH, 10 g/L of Na,SiO3 and 5 g/L of KF [36]. In this experiment, the
MAO coating was formed on the Mg AZ31 substrate through constant
voltage. The voltage was increased successively (0 V, 150 V, 180 V,
220V, 250 V, 280 V and 300 V) until 300 V in the preparation process,
and the preparation time was controlled at 3 min. Then, the prepared
MAO coating was taken out, cleaned with distilled water, and dried in
warm air before surface characterization.

2.3. Surface analysis

Field-emission scanning electronic microscope (FE-SEM, Hitachi S-
4800, Japan) was employed to study the surface and cross-sections
morphologies of the samples; and the elemental compositions were
detected through an energy dispersive X-ray spectrometer (EDS).
Crystal structures of the coatings were investigated through X-ray dif-
fractometer (XRD, Rigaku D/MAX 2500 PC, Japan) with Cu Ka radia-
tion, and diffraction pattern was generated between 26 values of 5-80°.
The chemical compositions of the degradation products were analyzed
via Fourier transform infrared spectrophotometer (FT-IR, Nicolet 380,
Thermo Fisher Scientific, USA) in the regular wave-numbers range
(600-3800 cm™!). X-ray photoelectron spectrometer (XPS, ESCALAB
250 Xi, Thermo Fisher Scientific, USA) was used to investigate the
chemical states of specimens after immersion, and the XPS spectrum
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Fig. 2. SEM images (a, b) and elemental compositions (c) of MAO coating; XRD patterns (d) of AZ31 substrate and its MAO coating.

was recorded using Al Ka radiation (hv
source.

1486.6 eV) as excitation

2.4. Degradation characterization

2.4.1. Electrochemical tests

The open-circuit potential (OCP), potentiodynamic polarization
curves (Tafel) and electrochemical impedance spectroscopy (EIS) were
employed to investigate the corrosion resistance of the samples in
phosphate buffer saline (PBS, pH 7.4; 8.0 g/L NaCl, 0.2 g/L KCl, 1.44 g/
L Na,HPO, and 0.24 g/L KH,PO,) with or without bovine serum al-
bumin (BSA, 1 g/L). The BSA-containing solution was designated as
BSA-PBS. The OCP, Tafel and EIS curves were recorded via an elec-
trochemical analyzer (PAR Model 2273, Princeton, USA). A three-
electrode cell consisting of a platinum counter electrode, a saturated
calomel electrode (SCE), and samples as working electrode was used
[4]. The electrochemical data (corrosion current density (i.or) and
corrosion potential (E.,)) were obtained through Tafel extrapolation
method. The i, (Acm™2) was converted to degradation rate, P;
(mm-year’l), using the following formula [37]:

P; = 0.02285 icopr (€D)

To ensure reproducibility, all experiments were done in triplicate.

2.4.2. Immersion tests

The immersion tests were used to evaluate the degradation rate of
AZ31 Mg substrate and its MAO coating. The samples were soaked in
PBS and BSA-PBS solution at 310 K under an inverted funnel connected
to a graduated acid burette (Fig. 7a), and the solution level was inter-
mittently measured (1 h) for 150 h. The immersion tests were per-
formed in quadruplicate. HER, Vi; (mL-cm ™2 h™1) can be expressed as:

Vy = V/st (2)
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where V is the hydrogen evolution volume (HEV), s and t are the ex-
posed area of the samples and soaking time, respectively. The HER, Vy
(mL:em™2 h™'), can be represented as the degradation rate, Py
(mm-year ), using the following relationship [38]:

Py = 54.696Vy 3

2.5. Cytotoxicity tests

Human osteosarcoma (MG63) cells were used for cytotoxicity tests.
The cells were cultured in a standard culture medium containing Eagle's
Minimum Essential Medium (EMEM, GIBCO) supplemented with 1%
penicillin/streptomycin (ATCC) and 10% fetal calf serum (FCS,
BOVOGEN) at 37 °C in a humidified atmosphere of 5% CO,.

The MG63 cells (1 x 10* cells/mL,4 mL) were seeded on sterilized
samples, and cultured for up to 72 h in 6-well tissue culture test plates.
Subsequently, 400 uL. MTT (5 mg/mL in PBS, MCE) were added into 6-
well tissue culture test plates for 4 h at 37 °C in 5% CO, atmosphere.
Then, the dimethyl sulfoxide was employed to sufficiently dissolved the
crystals in each well by shaking it at a low speed for 10 min. The
proliferation of MG63 cells on the sample was measured after 24 and
72 h by the absorbance of a microplate reader (Epoch2T, Biotek) at a
wave length of 570 nm. The MG63 cells (cultured cells for 24 h) were
fixed in 2.5% glutaraldehyde and dehydrated in a series of graded
ethanol solutions (50, 75 and 100%) at room temperature. Then, the
hexamethyldisilazane was applied to preserve the original morphology
of the MG63 cells. SEM was employed to observe the morphology of
MG63 cells on the samples. The Calcein (stain live cells) and PI (stain
dead cells) were obtained from Thermo Fisher Scientific and stained the
MG63 cells on the samples. Fluorescence microscope (FM) was used to
observe the MG63 cells (cultured cells for 72 h) by excitation wave-
length of 488 nm. All tests were performed in triplicate.
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2.6. Statistical analysis

Statistical analysis was employed by the independent-samples t-test.
Difference was considered significant at **P < 0.01 or *P < 0.05.

3. Results
3.1. Surface analysis

SEM images of the MAO coating are shown in Fig. 2, where the
porous structure of the MAO coating was revealed (Fig. 2a and b). The
elemental composition (Spectrums #1-3) of the coating was mainly
Mg, O and Si as well as trace of Al (Fig. 2¢), indicating the presence of
MgSiO; and MgO, which was related to plasma chemical oxidation
reactions between the Mg substrate and the electrolyte in the dischar-
ging channels produced by the sparks. During the process, Si0;>~ and
OH ions, etc. migrated inward into the channels under the electrical
field, whereas the dissolving Mg?* ions migrated outward from the
substrate. And this result of SEM image is in pronounced agreement
with the XRD patterns (Fig. 2d), where MAO coating exhibited char-
acteristic peaks of MgSiO; and MgO, and Mg peaks were observed for
uncoated AZ31 Mg substrate.

3.2. Electrochemical tests

The OCP curves of the samples in PBS and BSA-PBS solution were
recorded (Fig. 3a). In the PBS solution, the OCP value of AZ31 Mg
substrate fluctuated rapidly before 250 s of immersion, which can be
interpreted as the formation of the degradation product (Mg(OH),) and
subsequent dissolution due to the aggressive Cl ions [39,40]. There-
after, the OCP slowly reached a relatively stable value owing to the
balance in the formation and dissolution of Mg(OH), [41]. A slow raise
and gradually stabilization of OCP values (AZ31 substrate, BSA-PBS)
was observed, which can be related to the absorption of BSA, inhibiting
the dissolution of Mg(OH),. The OCP curve of MAO coating showed
stable values, indicating that the MAO coating effectively suppressed
the dissolution of the Mg alloy [37]. The OCP values of the MAO
coating exhibited significant increase with increase in time due to the
adsorption of BSA [42]. Compared with the final OCP values of the
samples in PBS solution, the addition of protein shifted the OCP to a
more positive value, suggesting that the adsorption of BSA significantly
changed the electrochemical behavior [43].

Fig. 3b shows the polarization curves of the samples in PBS and
BSA-PBS solution, the obtained i, values of the samples could be
ranked in an increasing order as follows: 5.38 x 10~° A cm™? (MAO

-1.3
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coating, BSA-PBS) < 4.36 x 10~ % A cm™? (MAO coating, PBS) <
878 x 107° A cm™? (AZ31 substrate, BSA-PBS) <
1.98 x 10~° A cm ™2 (AZ31 substrate, PBS), indicating that the MAO
coating possessed a more effective corrosion protection (Table 1)
[44,45]. There is a breakdown potential (E;) in the anodic branch of the
Tafel curve of the MAO coating (BSA-PBS), which could be attributed to
the breakdown of BSA-MAO film. The electrochemical results indicated
that the addition of BSA improve the corrosion resistance of the sam-
ples, which could be explained by the thermodynamics of Arrhenius
equation [35]:

. —Ea
lcor = A €RT

4
where i., is corrosion current density (A-cm ™). Ea is corrosion acti-
vation energy (J-mol 1), A refers a pre-exponential factor. T and R are
the absolute temperature and gas constant, respectively. According to
Eq. (4), the adsorption of BSA on samples could effectively enhance Ea
required for degradation and improve the electrochemical stability,
which could inhibit the degradation behavior [46,47]. The obtained
result is consistent with the literature reports [48].

Nyquist plots of the samples are presented in Fig. 4a. The AZ31 Mg
substrate displayed a small inductive loop and two capacitance loops in
the PBS and BSA-PBS solution, which can be attributed to pitting cor-
rosion and charge transfer reaction, respectively [49,50]. For MAO
coating, an inductive loop in the low frequency range and a capacitance
loop in the medium frequency ranges could be observed in the PBS
solution, suggesting that the pitting corrosion due to flaking of the
coating and the charge transfer process, respectively [51]. Moreover,
the larger capacitance loop suggested better corrosion resistance. The
corrosion resistance of the samples could be ranked in an increasing
order as follows: AZ31 Mg substrate (PBS) < AZ31 Mg substrate (BSA-
PBS) < MAO coating (PBS) < MAO coating (BSA-PBS), confirming
that the BSA protected the AZ31 Mg substrate and its MAO coating from
corrosion. The result was because the adsorbed BSA changed the elec-
tric field and reduced the conductivity of the surface [48].

Typically, a high modulus |Z| value suggests that the sample has
better corrosion resistance [1]. In this study, the |Z| of samples at the
low-frequency were: 1.33 x 10° Q cm? (AZ31 substrate, PBS),
2.53 x 10° Q cm® (AZ31 substrate, BSA-PBS), and 102.65 x 10> Q cm®
(MAO coating, PBS) together with 326.90 x 10° Q cm? (MAO coating,
BSA-PBS), respectively (Fig. 4b). This consequence confirmed that BSA
improved the corrosion resistance of the samples.

Fig. 4c shows the equivalent circuit (Rs(Q; (Re(Q2(LRy)))) used to fit
the EIS plots of AZ31 Mg substrate. In the circuit model, the solution
resistance is represented by R;. Q is the constant phase element (CPE),
which denotes a pure capacitance for the coating capacitance and the

b — AZ31 PBS

_1 o _( ) AZ31 BSA-PBS
MAO PBS
MAO BSA-PBS

8 12t

(/2]

>" E1
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T 14}
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Fig. 3. OCP curves (a) and potentiodynamic polarization curves (b) of AZ31 substrate and its MAO coating in PBS and BSA-PBS solution.
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Table 1
Electrochemical parameter of the AZ31 Mg substrate and its MAO coating.

Bioactive Materials 5 (2020) 398-409

Samples AZ31 (PBS) AZ31 (BSA-PBS) MAO (PBS) MAO (BSA-PBS)
Ecorr (V, SCE) -1.56 -1.51 -1.53 —1.42

icorr (Accm ™) 1.98 x 107° 8.78 x 107° 4.36 x 10~ 8 5.38 x 107°
P; (mm-year ') 452 x 1071 2.00 x 107! 9.94 x 107* 1.20 x 107*

double layer capacitance between the coating and the metal substrate
[37]. R represents charge transfer resistance. The inductive loop is
represented by Ry, and L in series, which indicates the presence of pit-
ting corrosion at the low frequency. For MAO coatings in PBS solution,
the following equivalent circuit is used: Ry(Q:1(Rp(QoRc))) (Fig. 4d),
where Ry, is coating resistance. In the case of MAO coating in BSA-PBS
solution, following equivalent circuit is usedd: Rs(C;(R1(Q1(Rr1(QaRcr)))
(Fig. 4e), C; represents the adsorbed protein layer capacity [52]. The
R, of samples could be ranked in an increasing order as follows: AZ31
substrate (PBS, 9.06 x 10> Q cm® < AZ31 substrate (BSA-PBS,
1.78 x 10*Q cm?) < MAO coating (PBS, 1.28 X 10°Q cm?) < MAO
coating (BSA-PBS, 4.16 X 10° Q cm?) (Table 2). This finding is con-
sistent with the results from potentiodynamic polarization curves.

3.3. Immersion tests

The XPS spectra were used to determine the surface composition of
AZ31 Mg substrate and its MAO coating after soaked in BSA-PBS so-
lution for 10 s, as shown in Fig. 5. The O 1s, N 1s, C 1s and P 2p together
with Mg 2p could be observed in the XPS survey spectra (Fig. 5a). In C
1s spectra (Fig. 5b-1 and b-2), three peaks at 284.5, 285.6 and
287.7 eV, which were assigned to C-C/C-H, C-O/C-N and N-C=O,
respectively [52]. The N 1s of AZ31 substrate (Fig. 5c-1) and MAO
coating (Fig. 5c-2) demonstrated two peaks with binding energies as-
sociated with N-C/N-O (399.4 eV) and O=C-NH-(C, H) (400.08 eV)
[53]. These results indicated the presence of BSA on the AZ31 Mg

substrate and its MAO coating. Moreover, the Mg 2p spectra of AZ31
substrate could be split into two peaks: MgO (50.3 eV) and Mg(OH),
(49.6 eV), corresponding to corrosion products (Fig. 5d-1). The BSA
molecules probably reacted with Mg2+ ions (Mg(OH),) to form (RCH
(NH»)COO),Mg and absorbed on the AZ31 substrate (Reaction 5),
which was in good agreement with previous study of our group [32].

(5)

Whereas the Mg 2p spectra of MAO coating (Fig. 5d-2) only showed a
MgO peak (50.3 eV), indicating that the MAO coating did not occur the
corrosion behavior after immersed in BSA-PBS solution for 10 s, which
was because the absorbed BSA on the MAO surface prevented the pe-
netration of corrosive medium.

After 1 h of immersion in PBS solution, the AZ31 substrate showed
severe corrosion morphology (Fig. 6a-1). The elements of corrosion
products were mainly composed of Mg and O (Fig. 6a-2), suggesting
Mg(OH),. The degradation degree of Mg substrate was decreased with
the addition of BSA in the PBS solution, as shown in Fig. 6b-1. EDS
spectra showed a trace of N (0.76 wt%; 1.05 at.%) on the AZ31 Mg
substrate (Fig. 6b—2), which could be attributed to the existence of BSA
on the surface; however, the BSA could not observed in the SEM images.
The results might be attributed to the formation of (RCH
(NH;)COO),Mg. Differently, the MAO coating was still intact after 1 h
immersion in the PBS and BSA-PBS solution. The results indicated that
MAO coated substrate enhanced the corrosion resistance of the AZ31
Mg alloy (Fig. 6¢-1 and d-1). When the MAO coating was soaked in the

Mg(OH), + 2RCH(NH;)COOH — (RCH(NH,)COO),Mg + 2H,0

6
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Fig. 4. EIS and the fitting results: (a) Nyquist plots and (b) Bode plots of AZ31 substrate and MAO coating; equivalent circuits of (c) AZ31 substrate in PBS and BSA-
PBS solution, (d) MAO coating in PBS solution and (e) MAO coating in BSA-PBS solution.
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Table 2

Electrochemical data obtained from equivalent circuit fitting of EIS curves.

Bioactive Materials 5 (2020) 398-409

Samples Ry (Qem?) C Ry (Qem?) CPE, (Q 'em™2-8" n Rp (Qem?)  CPE, (Q 'em™2:8") n, R (Qem?) Ry (Qcm?) L (Hem™32)
AZ31 (PBS) 73.82 - - 3.88 x 10°° 092 - 3.60 x 1072 0.30 9.06 x 10> 235 3806
AZ31 (BSA-PBS) 81.82 - - 2.13 x 107° 0.90 - 3.39 x 1072 0.39 1.78 x 10° 170 2697
MAO (PBS) 64.12 - - 5.84 x 1077 0.78 6172 6.03 x 1077 0.88 1.28 x 10° - -
MAO (BSA-PBS)  66.81 1.09 x 1078 2566 2.31 x 1077 0.76 1685 3.31 x 1077 0.80 4.16 x 10° - -
Table 3 BSA-PBS solution for 1 h, the appearance of N (5.14 wt%; 6.68 at.%)

Corrosion rates of the AZ31 Mg substrate and MAO coating after different im-

1

mersion period, mm-year” .
Samples 1h 50 h 150 h
AZ31 substrate (PBS) 2.10 0.42 0.27
AZ31 substrate (BSA-PBS) 2.05 0.36 0.15
MAO coating (PBS) 0.00 0.16 0.08
MAO coating (BSA-PBS) 0.00 0.05 0.03

revealed that the BSA was absorbed on the surface of MAO coating
(Fig. 6d-2). And it could be clearly observed that the adsorbed BSA
sealed the pores of the MAO coating, thereby further enhanced the

corrosion resistance by forming a barrier layer.

Hydrogen evolution tests were used to investigate the degradation rate
of the samples [54]. Fig. 7b shows the hydrogen evolution volume (HEV)
of the samples. The HEV of the samples is ranked in decreasing order as
follows: AZ31 Mg substrate (PBS, 0.48 = 0.079 mL cm~?) > AZ31 Mg
substrate (BSA-PBS, 0.42 + 0.087 mL cm™ %) > MAO coating (PBS,
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Fig. 5. XPS spectra of AZ31 substrate and its MAO coating after immersion in BSA-PBS solution for 10 s: (a) XPS survey, (b-1, b-2) C 1s, (c-1, c-2) N1s and (d-1, d-2)

Mg 2p.

403



Z.-Q. Zhang, et al. Bioactive Materials 5 (2020) 398-409

AZ31 PBS AZ31 BSA-PBS MAO PBS MAO BSA-PBS
WS s WP B2 ; T — = 5 e

m Weight (%)  Atom (%) m Weight (%)  Atom (%)

0.57 0.94 0.68 1} 037 0.60 4.63 7.02

L ]
“ 0.00 0.00 “ 0.76 1.05 0.00 oo IE v 6.68
Bl o s039 [l 454 55.29 49.99 CUTE o [TEN 54.96
Mg | [ vg g

Weight (%)  Atom (%)

59.14 48.67 53.13 42.55 49.72 8937, 41.89 31.34

Fig. 6. SEM images of (a-1, b-1) AZ31 substrate and (c-1, d-1) MAO coating and corresponding EDS of (a-2, b-2) AZ31 substrate and (c-2, d-2) MAO coating after an
immersion of 1 h in PBS and BSA-PBS solution.
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Fig. 7. (a) Schematic diagram of immersion tests; (b) Hydrogen evolution volume (HEV), (c) Hydrogen evolution rate (HER) and (d) pH value as a function of
immersion time for AZ31 substrate and its MAO coating in PBS and BSA-PBS solution for 150 h.

022 =+ 0015 mL em™? > MAO coating  (BSA-PBS, substrate suffered severe corrosion and large cracks in PBS solution
0.15 + 0.028 mL cm ™ 2). The results suggested that adsorption of BSA (Fig. 8a-1 and a-2). The presence of O, Mg and P in the corrosion
improved the corrosion resistance of the samples [52]. Fig. 7c shows the product suggests that they correspond to Mg(OH), and insoluble

hydrogen evolution rate (HER) of samples. The HER for specimen is phosphate compound (Table 4). In BSA-PBS solution, the degradation
ranked in increasing order as follows: MAO coating (BSA-PBS, morphology of AZ31 Mg substrate was not significant (Fig. 8b-1 and b-
(0.99 045) x 107 mL em™2 - h™!) < MAO coating (PBS, 2). The surface elements contained O, Mg, N and P (Table 4), suggesting
(1.44 0.58) x 10 ° mL em™2-h™Y) < AZ31 substrate (BSA-PBS, the presence of Mg(OH),, (RCH(NH,)COO),Mg and phosphates [32].
(283 * 059) x 107 mL em™2 - h™Y) < AZ31 substrate (PBS, Interestingly, an increase in the N/P ratio was observed (Table 4),
(3.19 = 1.19) x 10" *mL cm™2-h ™). The change in pH of samples was which could be interpreted as the competitive adsorption of BSA and
also recorded in the immersion stage (Fig. 7d). The pH of MAO coating phosphates [52]. When MAO coating was immersed in BSA-PBS solu-

+ o+

exhibited the smallest values in BSA-PBS solution after 150 h of immer- tion (Fig. 8d-1 and d-2), the corrosion pits was not evident and re-
sion, suggesting that MAO coating possessed a slowest degradation rate, mained relatively less attacked as compared to that in PBS solution
which could be related to the adsorption of BSA on the MAO coating. (Fig. 8c-1 and c-2).

Fig. 8 shows the typical surface morphologies of the samples after In order to analyze the degradation products of the samples, XRD

immersion in PBS and BSA-PBS solution for 150 h. The AZ31 Mg and FT-IR analysis were done. From the XRD patterns (Fig. 9a), it was
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30 ym

Fig. 8. SEM morphologies and elements analysis of AZ31 substrate (a, b) and MAO coating (c, d) after 150 h of immersion in (a, c¢) PBS solution and (b, d) BSA-PBS

solution.

Table 4

Elemental compositions (in wt/at. %) of samples immersed in PBS and BSA-PBS solution.

Samples

C

o

AZ31 PBS (#1)
AZ31 PBS-BSA (#2)
MAO PBS (#3)
MAO BSA-PBS (#4)

19.64 (29.31)
13.42 (20.18)
17.93 (27.01)
10.69 (16.08)

33.65 (43.08)
45.47 (51.32)
40.44 (45.74)
48.22 (56.01)

Mg N P N/P

13.92 (10.27) 0.39 (0.55) 23.11(14.53) 0.017 (0.038)
15.43 (12.49) 4.60 (6.36) 11.59 (7.34) 0.397 (0.870)
14.14 (10.52) 0.23 (0.46) 16.42 (9.59) 0.014 (0.048)
12.33 (9.66) 4.66 (5.89) 6.84 (3.99) 0.681 (1.470)

found that the main degradation products were Mg(OH), for AZ31 Mg
substrate in PBS solution. Small quantities of insoluble phosphates (i.e.
Mg5(PO,),) were also observed. However, when AZ31 Mg substrate was
immersed in the BSA-PBS solution, the peak of Mg(OH), was not evi-
dent. For MAO coating, the peak intensity of Mg(OH), in PBS solution
was higher than that in BSA-PBS solution. In the FT-IR spectra of the
samples (Fig. 9b), the absorption peak at 3420 cm ™! was attributed to
—OH, which was from the degradation product (Mg(OH),). The bands at
approximately 1650 cm ™!, 1051 cm ™~ * and 565 cm ™! corresponded to
PO,3~ ions, indicating the presence of Mg3(PO4),, which agreed with
the results of XRD pattern (Fig. 9a).

3.4. Cells response tests

Fig. 10a shows the cell number count after 24 and 72 h cells re-
sponse test. MG63 cell number continuously increased during the in-
cubation period, especially in the first 24 h. For AZ31 Mg substrate, the
number of cells decreased (cultured cell in 72 h) because of rapid

: 120 a AZ31PBS 44
(a) | mazems,g, vus — s (b)
| c:MAO (PBS) ¢ Mg(OH), 100} ¢ MAO PBS i
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2 . g
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d > Y - - |
e W\‘.,Jvlm’; 5 — I ’!L : PO, PO,
10 20 30 40 50 60 70 80 3800 3500 3200 2900 1550 1240 930 620

20 (degree)

degradation and increase in the localized pH value, which inhibited the
cells proliferation [55]. However, the cell number of MAO coating was
slightly higher. Results suggested that MG63 cells preferred the surfaces
with relatively high amplitude of micro-roughness. A significant in-
crease in MG63 cells density was observed after 72 h of incubation as
compared with the seeding cells density. The results indicated that
MAO coating displayed good viability with MG63 cells and thus pos-
sessed desirable bioactivity because the MAO coatings mainly com-
posed of MgO [26]. The MG63 cells attachment morphology is shown in
Fig. 10b. For AZ31 Mg substrate, MG63 cells (cultured cell in 24 h)
exhibited a thin and flat shape on the surface (Figs. 10b-1). Interest-
ingly, unlike AZ31 Mg substrate, MG63 cells (cultured cell in 24 h) were
rounded shaped and attached tightly on sample surface by spreading
with extension of filopodia into micropores on MAO surface
(Fig. 10b-2) [56].

To further investigate the MG63 cells proliferation and morphology
on the samples, live/dead staining of cells after cultured 72 h was done
and shown in in Fig. 10c (live cell-green, dead cell-orange-red). MG63

Wavenumber (cm™)

Fig. 9. XRD patterns (a) and FT-IR spectra (b) of AZ31 substrate and its MAO coating in PBS and BSA-PBS solution after 150 h of immersion.
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Fig. 10. MG 63 cells response to (a) the AZ31 substrate and MAO coating of cell proliferation after 24 and 72 h incubation; Statistically significant differences
(*P < 0.05, **P < 0.01); SEM morphology of MG63 cells to (b-1) AZ31 substrate and (b-2) MAO coating after 24 h incubation; Live/Dead of MG63 cells after 72 h

incubation: (c-1) AZ31 substrate and (c-2) MAO coating.

cells exhibited healthy fusiform-like shape, and were randomly dis-
tributed on the samples. Only a small number of dead cells were ob-
served, suggesting that AZ31 Mg substrate and its MAO coatings pos-
sessed an acceptable cytocompatibility to MG63 cells [57].

4. Discussion

The degradation rates P; (Table 1) and Py (Table 3) values obtained
from different approaches (Tafel extrapolation and hydrogen evolution
rate) showed a similar trend. The i, was determined through the
cathodic slope [58], whereas, Py was calculated by the HER of Mg al-
loys, which was similar to the weight loss rate [59,60].

4.1. Comparison of the effects of protein on samples

Table 5 shows a comparison of literature data on the effects of
protein on pure Mg, Mg alloys and their coating. Mueller et al. [61]
found that protein could increase the degradation rates of pure Mg in
PBS solution; the lower the concentration, the higher the degradation
rate. The degradation product layer was not uniform and did not offer
protection to the entire surface. Heakal et al. [62] showed that the
addition of 10-20 g/L BSA retarded Mg alloy AZ80 degradation
through a complete adsorbed layer. However, at lower concentration of
BSA < 10 g/L, it accelerated the dissolution of Mg alloy via metal
chelation; and at higher concentration of BSA > 20 g/L, it stimulated

the degradation of Mg alloy because of protein aggregation. Interest-
ingly, Wang et al. [35] reported that the quick adsorption of albumin
effectively protected the Mg alloy at initial stage, and a chelation effect
accelerated the degradation rate of Mg alloy with increasing soak time.
However, in this study, the addition of BSA inhibited the degradation
behavior of Mg alloys AZ31 because BSA (RCH(NH,)COO ) combined
with Mg2+ to form (RCH(NH,)COO),Mg and thereby prevented the
absorption of Cl ions [32]. For the MAO-coated sample, Wan et al.
[52] reported that the addition of albumin hindered the dissolution of
the Mg/PEO coating. In this case, protein was adsorbed on the surface
and thus provided protection at the early stage of immersion. Then, the
gradual formation of (RCH(NH,)COO),Mg further protected the sam-
ples from attack with immersion time. The biodegradation mechanism
of the samples in the PBS and BSA-PBS solution was discussed in Sec-
tion 4.3.

4.2. Degradation mechanism

4.2.1. Influence of protein on degradation of AZ31 substrate

The degradation behavior of AZ31 substrate in PBS and BSA-PBS
solution were investigated (Fig. 11). When immersed in PBS solution
(Fig. 11a—c), immediately, a thin layer of Mg(OH), was formed on the
surface of AZ31 Mg substrate (Fig. 11a). The reactions are as follows
[63]:

Anodic reaction:

Table 5
Influence of protein on pure Mg, Mg alloys and its coating (1: acceleration; |: inhibition).

Material Solution icorr (A/cm?) Ecorr (V/SCE) Effects Refs

Pure Mg PBS (7.76 + 8.81) x 10°° -1.18 + 0.09 [61]
PBS + 0.1 g/L albumin (3.53 + 3.39) x 10~ * —1.42 = 0.03 1
PBS + 1 g/L albumin (1.26 + 7.56) x 10~° —-1.43 += 0.04 1
PBS + 10 g/L albumin (3.73 + 5.41) x 10°° —-1.34 = 0.06 1

AZ80 SBP 2.82 x 10°° —1.44 [62]
SBP + 5 g/L BSA 3.98 x 107° —1.45 i
SBP + 10 g/L BSA 1.01 x 107° —-1.42 |
SBP + 20 g/L BSA 1.78 x 10°° -1.42 !
SBP + 40 g/L BSA 3.37 x 107° -1.45 i

MIA SBF 3.62 x 1074 -1.82 [35]
SBF + 40 g/L albumin 2.81 x 1074 -1.71 First | Then !

AZ31 PBS 1.98 x 107> -1.56 Present work
PBS + 1 g/L BSA 8.87 x 107° -1.51 !

Pure Mg/PEO PBS 1.63 x 1078 -1.69 [52]
PBS + 1 g/L albumin 2.56 x 107° -1.71 |

AZ31/MAO PBS 436 x 1078 -1.53 Present work
PBS + 1 g/L BSA 5.38 x 1077 -1.42 |
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Fig. 12. Degradation mechanism of MAO coatings: (a—c) in the PBS solution and (d-g) in BSA-PBS solution.
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Fig. 13. Schematic illustration of the cell proliferation and morphology of (a) and (c) AZ31 substrate, (b) and (d) MAO coating.

Mg — Mg?* + 2e” (6)
Cathodic reaction:

2H,0 + 2e” - 20H™ + Hy ! @
Total reaction:

Mg + 2H,0 — Mg(OH),| + H, ! ®

With an increase in soaking time, more corrosion products were
covered on AZ31 Mg substrate (Fig. 11b and c). Although Mg(OH), film
had protective properties, the aggressive Cl” ions could dissolve the Mg
(OH), film by following reaction [39].

2Cl + Mg(OH), — MgCl, + 20H~ 9

As the reaction proceeded, the formation and dissolution of de-
gradation products reached chemical equilibrium, and the degradation
rate gradually decreased. It has also been reported that phosphate
(PO,>7) combines with Mg®* ions to form Mgs(PO,4), on the surface
(Reaction 12).

H,PO,~ — HPO,2~ + H* (10)
HPO,>~ — PO,°~ + HY an
2P0~ + 3Mg** — Mgs(PO,)2| (12)
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Interestingly, the degradation performance of AZ31 Mg substrate
was significantly affected in the BSA-PBS solution. On the one hand, the
RCH(NH,)COO ™ group of BSA molecules, combined with Mg2* ions
and formed (RCH(NH,)COO),Mg on the surface of the AZ31 Mg sub-
strate and prevented further degradation (Reaction 5) [32].

The plausible reason for only a trace of insoluble phosphates ob-
served on the Mg surface could be due to the corrosion inhibiting effect
of BSA (Fig. 11d—f) [52]. On the other hand, the negatively charged ions
such as COO, PO,>~ and OH prevented the attack of CI~ ions from the
solution by electrostatic repulsive effects (Fig. 11g). Hence, the sy-
nergistic protective effect from (RCH(NH,)COO),Mg, Mg(OH), and
phosphates led to a reduced degradation rate [33].

4.2.2. Influence of protein on degradation of MAO coating

The degradation mechanism of MAO coating is shown in Fig. 12.
When MAO coating was immersed in the PBS solution (Fig. 12a—c), the
MAO coating acted as a physical barrier to protect the AZ31 Mg sub-
strate. The chemical reaction of MgO with HO occurred as follows:

MgO + H,0 — Mg(OH),| 13

With the increase of soaking time, Cl~ ions dissolved the degradation
products (Mg(OH),) and the electrolyte slowly penetrated into the
inner MAO layer owing to the micropores on the surface of MAO
sample. Then, the electrochemical corrosion (Reaction 6-8) occurred
on the samples. In addition, some insoluble phosphate formed on the
surface by the reaction of PO~ with Mg®* ions.

The degradation behavior of MAO coatings was significantly influ-
enced with the addition of BSA. In the PBS solution (pH 7.4), BSA
showed negative charge (plgsa4.7 < pH 7.4) [32], whereas MAO
coating possessed positive charge (phyaol2.4 > pH 7.4) [64]. A thin
layer of BSA could be immediately absorbed on the surface due to the
electrostatic attraction after immersed in BSA-PBS solution (Fig. 12d and
e), and the absorbed dense BSA layer suppressed the degradation beha-
vior to some degree by covering MAO surface or sealing the micro-pores.

After certain time, the degradation products (Mg(OH),) gradually
formed on the MAO surface due to electrolyte permeation through the
BSA layer. The BSA and PO,3~ reacted with Mg(OH), to form (RCH
(NH,)COO),Mg and phosphates (Fig. 12f), respectively. Finally, the
outer layer (RCH(NH,)COO),Mg and inner layer MAO coating were
formed and synergistically protected the substrate (Fig. 12g).

4.3. Cell compatibility of samples

For AZ31 Mg substrate, the smooth surface inhibited the attachment
of cell and thus decreased the cell proliferation (Fig. 13a) [65]. By
contrast, MAO coating possessed high surface roughness, which pro-
vided a wider area for cell attachment and proliferation (Fig. 13b) [66].
In terms of cell morphology, the MG63 cells on the smooth surface of
AZ31 substrate had a very intimate contact with the substrate through
abundant filopodia, and dispersed randomly in all directions, exhibiting
disordered orientations (Fig. 13c). Anselme's hypothesis could explain
the phenomenon because the cell tended to find a favorable state to
balance the internal and external forces [67]. For MAO coating
(Fig. 13d), the rough surface exerted stronger constraints on the cell
morphology, hence, the cell shape was round [26].

5. Conclusions

The interaction mechanism of proteins and MAO coatings on bio-
degradable Mg alloys was investigated. The following conclusions can
be drawn from this study:

(1) The presence of protein in the electrolyte led to the formation of
(RCH(NH,)CO0),Mg since RCH(NH2)COO group of BSA molecules
combined with Mg?* ions of generated Mg(OH),, thus decreasing

Bioactive Materials 5 (2020) 398-409

the degradation rates (P; = 0.20 mm year ™ ';Py = 0.15 mm year ™ ')
of Mg alloy AZ31 by preventing the attack of Cl ions.

(2) The adsorption of BSA on the MAO surface was caused by elec-
trostatic attraction due to their different pIs (pIgsa4.7 < pH 7.4;
Plvaol2.4 > pH 7.4), thereby serving as a protection layer at the
early-immersion stage; and later the formation of (RCH
(NH,)COO),Mg led to a fairly degradation rates
(P; = 0.00012 mm year_l; Py = 0.03 mm year_l). Further, the
electrochemical polarization results showed that the BSA addition
shifted the OCP value toward a noble direction and resulted in a
smaller corrosion current density.

(3) MG63 cells exhibited flattened and round shape on the Mg alloy
AZ31 and its MAO coating, respectively; the round morphologies of
cells on the MAO coating was because the micro-pores/cracks on
the rough surface exerted stronger constraints on the spreading of
cells.

(4) MAO coating showed better cell viability as compared with the Mg
substrate, which was related to the higher specific surface area.
Results implied that the MAO coating on Mg alloy greatly improved
its cytocompatibility.
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