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Molecular recognition was utilized to fabricate bioinspired calcium phosphate (Ca-P) coating on bioabsorbable
magnesium alloys through small biomolecules such as Vitamin C (VC). Ca-P and VC hybrid coating (Ca-Py,;) was
successfully fabricated on AZ31 Mg alloy. The surface morphology and chemical composition of the coatings were
investigated using SEM, XRD, and FTIR together with XPS. The results showed that the Ca-Py,; coating was com-
posed of bamboo leaf-like Ca-P particles with a thickness of about three times that of the Ca-P coating. The surface
roughness of the Ca-Py coating (1.12 + 0.12 ym) was lower than that (3.14 + 1.93 ym) of Ca-P coating, suggest-
ing the formation of refined Ca-P particles resulting from the VC addition. The corrosion resistance of the coated
samples was characterized via electrochemical polarization, impedance spectroscopy, and immersion hydrogen
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D_egrafiatlon evolution tests. The cell toxicity of the coated samples was evaluated utilizing mouse MC3T3-E1 pre-osteoblasts.
Vitamin C . :
Biomaterial The charge transfer resistance (R,,) of the Ca-Py coated alloy increased as compared to the bare and Ca-P coated

alloy samples. The Ca-Py, coated alloy exhibited minimal corrosion current density (1.36 x 10~® A cm~2), which
is one order of magnitude lower in comparison to that of the Ca-P coated alloy. These results confirm that VC
addition greatly enhanced the coating resistance on AZ31 Mg alloy. It was also noticed that the Ca-Py coated
samples rapidly induced the formation of apatite after immersion in Hank’s solution. VC was mainly transformed
to L-Threonic acid, which facilitated the nucleation process of the Ca-Py coating and significantly increased
the thickness, density, and bonding strength of the coating. With enhanced corrosion resistance property and
excellent biocompatibility, Ca-Py coating has great potential for application in biodegradable Mg-based alloys.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Institute of Metal Research, Chinese Academy of
Sciences.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Typically, the fracture of the bone is prone to occur due to various
types of traumas or natural aging. In the case of severe bone fracture,
the repair is usually performed via the use of non-degradable or inert
metal implants such as Ti alloys. However, there are serious challenges,
e.g. stress shielding effect, associated with non-degradable metal im-
plants [1,2]. Magnesium (Mg) and its alloys are degradable in the body
fluid and hence have the potential to be used as degradable temporary
implants, provided that their degradation rate is controlled. There are
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many reports on calcium phosphate (Ca-P) coating on Mg and its alloys
to control their degradation rate [3,4]. An important advantage of Ca-P
coating is its high biocompatibility [5,6]; however, mechanical damage
to the coating could significantly affect the degradation behavior of the
base metal [7-9].

The use of organic additives or inhibitors has been one of the best
options available for the protection of Mg and its alloys against degra-
dation [10-12]. Generally, the initial mechanism in any degradation
inhibition process is the adsorption of inhibitors on the metal surface.
The inhibition of degradation can be a process that involves the for-
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mation of chelates on the metal surface, which involves the transfer of
electrons from the organic compounds to the surface of Mg and its alloys
and thus the formation of a coordinate covalent bond [13]. So far, there
is a great deal of research regarding on the use of inhibitors on phos-
phate conversion coatings to improve the degradation resistance of Mg
and its alloys [14,15]. However, the biocompatibility of the phosphate
conversion coatings has not been concerned.

The physiological solution in the human body contains both inor-
ganic ions and organic components (e.g. amino acids, proteins, glucose,
and vitamins) [16-19]. Once an orthopedic device is implanted in the
human body, the interaction occurs between the interfaces of the im-
planted material and its physiological micro-environment. Wang et al.
[20] in our group systematically investigated the degradation mecha-
nism of pure Mg in PBS with alanine, lysine, and glutamic acid, and
further explored the influences of isoelectric point, electrical charges,
and molecular structure of the representative amino acids on the degra-
dation behavior of pure Mg in PBS. It is demonstrated that the charges
of the amino acids make a significant contribution to retarding the
degradation of Mg alloy. The effect of proteins and MAO coatings on
biodegradable Mg alloys was reported by Zhang et al. [18]. The compos-
ite coatings significantly reduce the degradation rate of Mg alloy AZ31
in simulated body fluid (SBF). The formation of (RCH(NH,)COO),Mg
by the combination of BSA (RCH(NH,)COO) molecules with Mg2* ions
plays an important role in inhibiting the attack of corrosive ions. Yan
etal. [17] explored the effect of glucose and albumin on the degradation
behavior of pure Mg in physiological saline solution. The synergistic ef-
fect of glucose and albumin retards the adsorption of aggressive chloride
ions, and thus greatly manipulates the degradation of the pure Mg sub-
strate. Interestingly, glucose promotes the adsorption of albumin on the
Mg alloy surface. Nevertheless, the influence of Vitamin C (VC, CgHgOg)
in the chemical conversion solution for the growth of Ca-P coating on
Mg alloy has not been studied in detail.

VC, also known as ascorbic acid, is a water-soluble vitamin found
mostly in fruits and vegetables [11]. The optimal intake of VC is 75-
90 mg d~! for adults, and possibly higher in certain circumstances.
It is an effective anti-inflammatory compound and serves a variety of
functions, including wound healing and stimulates the inflammatory re-
sponse and improves resistance to infection by increasing white blood
cell activity. VC also plays an important role in the hydroxylation of
the essential amino acids, which are needed in collagen synthesis. It
is responsible for the neutralization of radicals in water and acts as
a reducing agent by electron donation. VC works as a donor of elec-
trons in all known physiological and biochemical reactions. Moreover,
L-Threonic acid (L-TA) is one of the main degradation products of VC
in the body metabolism. As a metal ion carrier, L-TA can be easily com-
bined with amino acids or proteins and is further absorbed and utilized
by the body. Clinical studies have demonstrated that L-TA has bone
resorption of osteoclasts in vitro, and its effect may be related to its
radical.

Chidiebere et al. [21] investigated the inhibitive effect of VC on cor-
rosion on mild steels in 1 mol/L HCl and 0.5 mol/L H,SO,4 environment
and observed the chemisorption of VC as the primary mechanism of
corrosion inhibition. In addition, quantum chemical calculation results
revealed that the oxygen atoms in the VC molecule are the active sites
by which the inhibitor molecules can directly adsorb on a mild steel
surface. Electrochemical measurements and quantum-chemical calcu-
lations of the electron properties of the ZnO nanoparticles/VC hybrid
material were performed by Mydlova et al. [22]. It is reported that the
degradation rate of the ZnO nanoparticles in Hank’s solution decreased
when VC was present in the solution. The VC molecules act as a natural
inhibitor in the degradation process but its mechanism remains unclear
from the degradation perspective. Hence, an in-depth analysis is needed
to correlate the molecular structure of VC and its degradation inhibition
mechanism. A systematic study on the formation, degradation mecha-
nisms, and biocompatibility of VC-loaded Ca-P coating on AZ31 Mg alloy
was carried out in this work.
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2. Experimental
2.1. Materials

The substrate material used in this study was AZ31 Mg alloy. The
samples with the dimensions of 20 mm x 20 mm X 5 mm were wet-
polished using silicon-carbide sandpaper (grade #150 to #2500), de-
greased in absolute ethanol, and then dried in warm air. All the chemi-
cal reagents used for preparing the electrolytes were of analytical grade
(Qingdao Jingke Chemical Reagent Co. Ltd., China).

2.2. Coating preparation

The coatings were fabricated on Mg alloy AZ31 substrate in a wa-
ter bath, as schematically illustrated in Fig. 1. The solution of Ca-P
coating was prepared by dissolving CaCl, (0.25 mol/L) and KH,PO,
(0.25 mol/L) in a certain volume of deionized water. For the Ca-Py
coating solution, 0.1 g/L VC was added to the Ca-P coating solution un-
der magnetic stirring at room temperature. Subsequently, the samples
were immersed in the Ca-P coating solution and Ca-Py,. coating at 60 °C
for 30 min in the water bath. Finally, the treated samples were retracted,
rinsed with deionized water, and dried with warm air.

2.3. Surface characterization

The surface morphologies and elemental compositions of the sam-
ples were characterized using scanning electron microscopy (SEM, Nova
Nano SEM 450) equipped with an energy dispersive spectrometer (EDS).
The thickness and elemental distribution of the coatings were deter-
mined via the cross-section of the samples using SEM. X-ray diffrac-
tometer (XRD, Rigaku D/MAX2500PC) analysis, with Cu K, radiation
(4=0.154 nm) in a 26 scan ranging from 5° to 80° with a scanning rate of
8° min~! was used to determine the different phases of the samples. The
functional groups of the coatings were analyzed using Fourier to trans-
form infrared (FT-IR, Nicolet 380) in the wavenumber range from 4000
to 400 cm~! with a resolution of 8 cm~!. The chemical state determi-
nation and depth profiling of the coatings were done by means of X-ray
photoelectron spectrometer (XPS, ESCALAB250Xi) with monochroma-
tized Al K, radiation. The surface roughness of coatings was determined
by infinite focus microscopy (IFM, Zeta-20).

2.4. Bonding strength

Adhesion measurement was evaluated by ASTM D3359-09 “Stan-
dard Test Methods for Measuring Adhesion by Tape Test” on the coated
alloy sample. The cross scratch lines were cut on the samples by a tung-
sten carbide cutting tool. Then the tape was pressed on the surface for
5-10 s and tore off quickly [23].

2.5. Corrosion tests

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) tests were conducted on an electrochemical worksta-
tion (Versa Stat 4) to evaluate the corrosion behavior of the uncoated,
Ca-P coating, and Ca-Py coating in Hank’s solution at room tempera-
ture.

The electrochemical tests were performed using a standard three-
electrode system with platinum as the counter electrode, saturated
calomel electrode (SCE) as the reference, and the sample with an ex-
posed area of 1 cm? as the working electrode. The open circuit poten-
tial (OCP) values were recorded during the initial 600 s of immersion
in Hank’s solution. EIS was performed at an amplitude of 10 mV/SCE
in the frequency range of 10°-10~2 Hz. The EIS data were analyzed by
curve fitting using ZSimpWin software. PDP tests were carried out with
reference to the OCP at a sweep rate of 2 mV/s. The PDP curves were
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Fig. 1. Schematic illustrations of the preparation of the Ca-P coating and Ca-Py coating on Mg alloy AZ31.

analyzed by using Versatudio software. The polarization resistance (R;,)
was calculated using the Stern Geary equation (Eq. (1)).

Ry = Bue/ (2303icor, (B + Be)) M

where i, is corrosion current density. §, and g, are the Tafel slope of
anode and cathode, respectively.

The immersion tests were also used to evaluate the degradation rate
of the uncoated and coated AZ31 Mg alloy samples. The samples were
immersed in beakers and inverted funnels filled with Hank’s solution,
which were connected to a graduated burette. The Hank’s solution was
maintained at a temperature of 37.0 + 0.5 °C and the solution level in
the burette was intermittently measured per one hour for 168 h.

2.6. Biocompatibility tests

Mouse MC3T3-E1 pre-osteoblasts (Cell Bank, Chinese Academy of
Sciences) were employed to investigate the cell toxicity of the samples.
They were cultured in alpha-minimum Eagle’s medium («-MEM) sup-
plemented with 10% fetal bovine serum (FBS) at 37 °C in a humidi-
fied atmosphere with 5% CO,. Prior to the experiments, all the samples
were sterilized by ultraviolet irradiation sterilization for 30 min. There-
after, the extracts were prepared with a sample surface area to extrac-
tion medium (DMEM) ratio of 1 mL cm~2 in a humidified atmosphere
with 5% CO, at 37 °C for 3 d. MC3T3-E1 cells and the «-MEM with
20% extracts and 10% FBS were cultured for 24 and 72 h. Thereafter,
MTT (final concentration 0.5 mg/mL) was added into each well and in-
cubated for a further 4 h. The absorbance was determined at 570 nm
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on a microplate spectrophotometer (Biotek). After being cultured for 24
and 72 h, live/dead staining experiments were employed to discern cell
morphology and the cells were observed via a Confocal Laser Scanning
Microscope (CLSM, LEICA DM6 B).

2.7. Statistical analysis

One-way analysis of variance (ANOVA) statistical analysis was per-
formed to compare the cytocompatibility of cells cultured on differ-
ent materials. The error bar means + standard deviations: p* < 0.05
and p** < 0.01. The differences were considered statistically signifi-
cant when p* < 0.05 and p** < 0.01. The error bar means + standard
deviations

3. Results
3.1. Surface analysis

Fig. 2(a-c) and (d-f) shows the SEM image of the synthesized Ca-P
coating and Ca-Py coating, respectively. Interestingly, both the coat-
ings exhibited bamboo leaf-like Ca-P particles. However, the Ca-P coat-
ing was neither uniform nor completely covered on the alloy substrate
(Fig. 2(a)). The Ca-P particles were irregularly interlaced and exhibited
different sizes (Fig. 2(b)). When VC was added to the Ca-P conversion
bath, the Ca-P particles grew and covered the entire surface of the al-
loy surface. The Ca-P particles underwent growth in length and increase
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in thickness (Fig. 2(e)), and thus exhibited a dense Ca-Py coating. As
shown in Fig. 2, all the coatings contained C, O, Ca, and P, and a trace of
Mg. In the Ca-Py coating, the Ca and P remained at a relatively higher
level than the Ca-P only coating.

In general, the corrosion performance of the coated alloy is closely
related to the interface bonding strength of the coating on the alloy
substrate. The high bonding strength of the coating could prolong the
service life of the alloy, which is critical for the successful applicant.
The cross-section microstructures of the Ca-P and Ca-Py coatings are
shown in Fig. 3. The thickness of Ca-Py,¢ coating was 10.00 + 0.92 uym,
about three times that of the Ca-P coating (3.00 + 0.26 ym). For Ca-
Py coating (Fig. 3(g) and (h)), the contents of the Ca and P were much
higher than the Ca-P coating (Fig. 3(c) and (d)). Obviously, the addition
of VC increased the thickness of the coating, which might facilitate an
enhanced corrosion resistance.

Fig. 4 shows the three-dimensional (3D) surface topography im-
ages of Ca-P and Ca-Py coatings. To describe the influence of VC on
the surface topography, mean line roughness (R,) was used for char-
acterization. More than 3 positions were selected for each sample to
obtain an average value. The color codes (Fig. 4) indicate the sur-
face roughness (i.e., R,). The darker the color, the smaller the sur-
face roughness [24]. As shown in Fig. 4, the R, of the Ca-P coat-
ing and the Ca-Pyc coating was 3.14 + 1.93 and 1.12 + 0.12 ym,
respectively. The Ca-Py. coating was much smoother than the Ca-
P coating, suggesting that the addition of VC reduces the roughness
and improves the surface quality, which is in agreement with Figs. 2
and 3.

R I g, o
B [T R

10 p
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To evaluate the bonding strength of the coating to its substrate,
scratch tests were conducted on the samples. It can be seen from Fig. 5
that Ca-P coating shows a poor bonding capacity as some tiny particles
can be easily stripped from the surface using a small force. It would have
been assigned a fractional rating of ASTM 4B for the Ca-P coating shown
in Fig. 5(b). While only part of the coating from the cutting edge and ad-
jacent intersections peeled off on the surface of the Ca-Py, coating that
its rating seemed to be ASTM 5B [25] (Fig. 5(e)), so the Ca-Py coating
exhibited excellent adhesion. From the SEM morphology results, com-
pared with the compact grains of the Ca-Py coating, the Ca-P coating
was porous and covered with looser grains, thus confirming the Ca-Py,
coating already showed excellent adhesion.

Fig. 6(a) shows the FT-IR spectra of the Ca-P coating and Ca-Py¢
coating. The characteristic bands at 3163-3488 cm™! are attributed to
O-H stretching [26,27]. A PO43’ absorption peak was observed on both
coated samples in the 500-1200 cm~! region, whereas the stretching
vibration peaks of the PO,3~ group were located at 1135, 1063, and
986 cm~1, and the bending vibration absorption at 576 and 527 cm™!
peaks [28,29]. The intensity bands at 2360 and 529 cm~! correspond
to HPO,2~ group [30]. The band at around 1650 cm™! resulted from
H, O bending vibration [31], as well as the bands at around 874 cm™!
originated from CO, in H,O [32]. As compared with the Ca-P coat-
ing, the Ca-Py. coating showed a new absorption peak of the C=0
group at 1724 cm~! due to the contribution of VG [11]. These re-
sults demonstrated that the Ca-Py coating was successfully formed on
the surface of the Mg alloy with the compounds of CaHPO, and HA
(Ca;¢(PO4)(OH),).

Fig. 3. Cross-sectional (a, e) and elemental mapping images (b-d, f-h) of the (a-d) Ca-P coating and (e-h) Ca-Py coating.
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Fig. 4. Three-dimensional (3D) images of (a) Ca-P coating and (b) Ca-Py coating.

Fig. 5. (a, b) Ca-P coating and (c, d) Ca-Py, coating samples (a, c) before and (b, d) after the scratching test.

Fig. 6(b) shows the XRD patterns of the Ca-P and Ca-Py,; coatings. As
compared with the Ca-P coating, the inorganic phase composition of the
Ca-Py coating changed significantly. The intensity of the characteristic
peaks of Mg, DCPA (CaHPO,) [33], and HA [34,35] phase increased.
The Ca-Py coating mainly exhibited the diffraction peaks of the DCPA
phase, which was consistent with the EDS results. The HA peaks were
relatively weak, and may be the products of nanocrystals or amorphous
crystallines. These results confirmed that the calcium phosphate coat-
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ing was composed of DCPA and HA, which is consistent with the FT-IR
analysis (Fig. 6(a)).

XPS analysis of the Ca-Py coating on the Mg alloy is presented in
Fig. 7, where Fig. 7(a) depicts the whole range of the binding energy
survey on the Ca-Py. coating. The Ca-Py coating chemical composi-
tions are in good agreement with the EDS data (Fig. 2(g)) results. As far
as the C 1s spectra are concerned, they can be divided into three peaks.
The C 1s spectra at 284.6 eV can be attributed to C-C/C-H bonding, and
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Fig. 6. (a) FT-IR spectra, (b) XRD patterns of the (1) Mg alloy AZ31, (2) Ca-P coating and (3) Ca-Py coating.
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Fig. 7. (a) XPS survey plots and high-resolution spectra of (b) C 1s, (c) Ca 2p and (d) P 2p.

the peak at 286.9 eV is related to the presence of C-O bonding [32];
and, more importantly, the peak at 287.7 eV corresponds to the O-C=0
group [36] (see Fig. 7(b)). It is worth noting that the presence of the
C-C/C-H, C-0, and O-C=0 groups was extremely strong, indicating that
a large proportion of these groups may come from VC on the surface
of Ca-Py coating. Also, Ca 2p and P 2p spectra of the Ca-Py coating
were also included. Fig. 7(c) exhibits the presence of -(COO),Ca peaks
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in the sample surface, revealing that the transformation of VC into L-TA
might be the key point for promoting the deposition of Ca-P coating.
The nucleation of Ca-P coating on the Mg alloy surface was greatly fa-
cilitated by the coordination of the L-TA molecule with Ca?*. The two
peaks at 346.8 and 350.5 eV were detected in addition to the peak at
347.4 eV, which were assigned to Ca-P chemical bonds. According to
the P 2p spectrum, P was derived from HPO,2~ (347.8 eV) and PO,3~
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(346.9 eV) in Ca-Py. coating (Fig. 7(d)) [20]. Based on these results
(Fig. 7(c) and (d)), it can be concluded that chemical bonds were formed
between Ca?*, HPO,2~ and PO,%~. The complexation of L-TA (contain
carboxylic group (-COOH)), and hereby, Ca?* potentially promotes the
deposition of calcium and phosphorus products on the surface of the
Mg alloys. The XPS analysis demonstrated that -COOH group from L-TA
molecules played a dominant role in the formation of the Ca-Py, coating.

3.2. Corrosion behavior

To evaluate the corrosion resistance of the different coatings,
electrochemical measurements of bare alloy, Ca-P coated alloy, and
Ca-Py coated alloy in Hank’s solution were performed. The PDP curves
are shown in Fig. 8 and the corresponding parameters are presented
in Table 1. The Ca-Pyc coated sample presented the minimum iy,
value of 1.36 x 107® A cm~2, which decreased one order of magnitude
in comparison to that of the bare Mg alloy; whereas, the Ca-P coated
alloy showed an i, value of 2.85 x 1075 A cm~2. The R, values
calculated are arranged in the following order: Bare AZ31 Mg alloy
(2.14 x 10° Q em?) < Ca-P coated alloy (1.75 x 10* Q cm?) < Ca-Py¢
coated alloy (4.48 x 10* Q cm?), which suggest that the Ca-Py, coating
is more protective than the Ca-P coating. The SEM analysis (Fig. 2(a))
revealed that the highly dense Ca-Py coating acted as an excellent
physical barrier to any penetration of the aggressive ions.

Corrosion Communications 6 (2022) 16-28

The Nyquist plots of the bare and the coated samples are shown in
Fig. 9. It can be noticed that the diameter of the semicircle increased
in the following order: AZ31 Mg alloy < single Ca-P coating < Ca-Py
coating (Fig. 9(a)). The equivalent circuit presented in Fig. 9(c)-(e) cor-
responds to the EIS data of AZ31 Mg alloy, Ca-P coated alloy, and Ca-Py,
coated alloy, respectively, where R represents solution resistance; CPE;
and CPE, indicate constant phase angle components; R, is the charge
transfer resistance; Ry and L refer to inductive resistance and inductance,
respectively; R; is the coating resistance [37,38]. For AZ31 Mg alloy sub-
strate and Ca-P coated samples, the impedance spectra exhibited high-
and medium-frequency capacitance loops followed by low-frequency in-
ductor loops. Literature suggests that the high-frequency capacitive loop
is from both charge transfer and film effect of corrosion products, the
medium-frequency capacitive loop is usually associated with relaxation
of mass transport and accumulation of corrosion products, and, the low-
frequency inductive loop is ascribed to the relaxation processes of ad-
sorbed intermediates of the corrosion process [39] (see Fig. 9(c) and
(d). The R;, of Ca-P coating was 5.71 x 103 Q cm?, whereas the R; of
AZ31 Mg alloy was only 2.91 x 10% Q cm?. As far as the Ca-Py coating
was concerned, it was no inductor in the low-frequency region, demon-
strating that the coating was maintained completeness and shielded the
substrate as a barrier. Currently, the larger the R ; value, the better the
corrosion resistance [40]. According to Table 2, the R, value for the
Ca-Py coating (2.47 x 10* Q cm?) was higher than that of the Ca-P

[ —— AZ31
| —— Ca-P
—— Ca-Pyc

Potential (V/SCE)

-1.8

108 107 10

103

10° 10*

Current density (A/cm?)

Fig. 8. PDP curves of the Mg alloy AZ31, Ca-P coating and Ca-Py,. coating.

Table 1

EIS analysis of the AZ31 Mg alloy, Ca-P coating & Ca-Py, coating.
Sample  E., (V/SCE) iy (Acm™)  f, (mVdec™)  -f. (mVdec') R, (Qcm?)
AZ31 -1.48 1.73 x 1075 258.19 127.67 2.14 x 103
Ca-P -1.48 2.85 x 107 219.32 195.34 1.75 x 10*
Ca-Pvc -1.18 1.36 x 10°° 532.21 190.38 4.48 x 10*
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coating (5.78 x 10% Q cm?) and much higher than that of the AZ31 Mg
alloy substrate (1.66 x 102 Q cm?). In addition, in Fig. 9(b) the |Z| val-
ues could be ordered as follows: Mg alloy AZ31 < Ca-P coating < Ca-Py,
coating. The EIS results were in good agreement with the PDP results.
Thus, it can be concluded that Ca-Py coating provides better protection
for the substrate as compared to Ca-P coating.

The corrosion resistance of the samples was also investigated via hy-
drogen evolution rates in different exposure time in Hank’s solution.
The corrosion rates and pH values of AZ31 Mg alloy, Ca-P, and Ca-Pyc

Corrosion Communications 6 (2022) 16-28

coated samples are plotted in Fig. 10. During the initial 24 h immersion,
there was a rapid increase in pH value and a decrease in the hydrogen
evolution rate. After nearly 100 h immersion, the deposition of calcium
phosphate and magnesium phosphate during the corrosion process of
the samples slowed down the degradation rate of the Mg alloy. It was
clearly evident that the Ca-Py, coated alloy had the best corrosion resis-
tance, followed by the Ca-P coated alloy in comparison with the AZ31
Mg alloy. The Ca-P coating had limited corrosion protection due to its
thin and loose structure. While the Ca-Py, coating on the surface of Mg

4
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Fig. 9. (a) Nyquist and (b) Bode plots of the Mg alloy AZ31, Ca-P coating and Ca-Py,, coating; equivalent circuits of the (c) Mg alloy AZ31, (d) Ca-P coating and (e)

Ca-Py coating.

Table 2
EIS analysis of the Mg alloy AZ31, Ca-P coating & Ca-Py, coating.

Sample R, (Q cm?) CPE; (Q7! cm™2es71) n Ry (Q cm?) CPE, (7! cm™2s71) n, R, (Q cm?) R, (Q cm?) L (Hcm?)
Mg alloy AZ31 100.10 1.75 x 105 0.85 - - - 2.66 x 102 2.91 x 103 3.39 x 10*
Ca-P coating 86.31 4.84 %107 0.68 0.57 422107 0.81 5.78 x 103 5.71 x 103 209.70
Ca-Py coating 114.70 9.28 x 107° 0.65 4.92 8.69 x 107° 0.63 2.47 x 10* - -
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Fig. 10. (a) Hydrogen evolution rates and (b) pH-time curves of the Mg alloy AZ31, Ca-P coating and Ca-Py,, coating.
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alloy sealed its porous surface thus preventing corrosive ions from pen-
etrating through the coating.

Macroscopic images are shown in Fig. 11(a, e, i), indicating that
AZ31 Mg alloy has undergone severe corrosion and Ca-P coated alloy
exhibited a large corrosion pit, whereas the Ca-Py, coating did not show
any significant damage during the 14 d immersion in Hank’s solution.
Higher magnification SEM images reveal corrosion products accumu-
lation on the surface of AZ31 Mg alloy along with numerous cracks
[41]. Even the Ca-P coating exhibited cracks which could be due to
the thin and uneven coating. The cracks served as channels for the
penetration of corrosive ions, such as chloride ions, through the coat-
ing [42] and resulted in large size corrosion pits. However, the Ca-
Py coated alloy did not show any corrosion attack. Thus, the Ca-Py
coating can provide relatively longer corrosion protection to AZ31 Mg
alloy.

The chemical compositions of the degraded samples were analyzed
using EDS. Fig. 11(m) shows that the main elements on the surface of
the samples are C, O, Mg, Ca, and P. When comparing with the com-
position of the original samples (Fig. 2(g)), the content of Ca and P
elements has increased significantly after 14 d of immersion in Hank’s
solution, which indicates that the granular precipitations on the surface
are rich in Ca and P. In the case of Ca-Py coating, most of the Ca and
P were from the Ca-P coating and remained at a relatively high level,
whereas for Ca-P coating, the Ca and P contents were lower than that
of Ca-P,. coating. Also, the Ca and P contents in the corrosion prod-
ucts formed on AZ31 Mg alloy were much lower than that of the Ca-Py,¢
coating.

Fig. 12(a) shows the FT-IR spectra of AZ31 Mg alloy, Ca-P coating,
and Ca-Py coating after being immersed in Hank’s solution for 168 h.
The absorption bands at 3541 and 3487 cm™! can be attributed to the
tensile vibration of O-H, indicating the formation of Mg(OH), corro-
sion product. The adsorption peak centered at 1649 cm~! is ascribed
to the O-H bending vibration of the water molecules [43]. The CO32'
absorption peaks (1433 and 873cm™!) are the result of the reaction be-
tween OH™ and CO, in the air [44,45]. The adsorption peaks at 1374
and 526 cm™! are assigned to the HPO,2~ stretching vibration. The pres-
ence of strong peaks at 1065 and 576 cm™! is considered to be for PO,3~
groups. The peaks at 1135 cm™! (Ca-P and Ca-Py coatings) are also the
PO,3~ group [46]. Fig. 12(b) shows the XRD patterns of the samples
after 168 h of immersion in Hank’s solution. Interestingly, the inorganic
phase composition of the samples did not change after immersion. For
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these samples, the primary corrosion product was Mg(OH), with a small
amount of Ca-P compounds (e.g. HA and DCPA) [47].

Fig. 13(a-h) exhibits the Live/Dead staining of MC3T3-E1 cells after
an incubation of 24 and 72 h. The cells on all the samples exhibited gen-
erally healthy fusiform-like shape, and widely spreading with respect to
morphology, which indicates an acceptable and enhanced cytocompat-
ibility to osteoblasts. The cytotoxicity of the samples was determined
using MC3T3-E1 cells and an MTT assay, as shown in Fig. 13(i). It can
be seen that the cell viability of all the samples was less than 100%
after 24 and 72 h of culture. Interestingly, the Ca-Py coated alloy ex-
hibited higher cell viability than the AZ31 Mg substrate and Ca-P coat-
ing after 72 h of culture. The viability of the cells with the AZ31 Mg
substrate and Ca-P coated alloy declined to some extent, but remained
above 75%, which is acceptable for cellular applications [48,49]. The
improved cellular compatibility of Ca-Py, coating can be ascribed to the
combination of VC and Ca?* in the Ca-Py coating, which promoted the
formation of hydroxyapatite and improved the corrosion resistance of
Mg alloys.

4. Discussion
4.1. Comparison of corrosion resistance of different coatings

Fig. 14 compares the corrosion resistance performance of the coat-
ings, and it is clearly evident that the coatings have significantly im-
proved the corrosion resistance of the alloy.

Li et al. [50] reported that the glucose-induced composite coating
acted as a protective film against corrosion of Mg immersed in Hank’s
solution over a long time. Interestingly, it was observed that the com-
posite coating provided corrosion protection during the initial period
and also induced precipitation of Ca-P to form a dense layer on the
coated surface. It was suggested that glucose (CH,OH(CHOH),CHO)
changes into gluconic acid (CH,OH(CHOH),COOH), which was bene-
ficial in concentrating Ca®* on the Mg surface owing to the chelation
of gluconic acid with Ca*. Notably, the i, of the Ca-P composite
coating (6.79 x 107® A cm~2) induced by glucose decreased an or-
der of magnitude as compared with that of the pure Mg substrate
(2.36 x 107> A cm™2) (see Fig. 14(a)), and its R, (2309.0 Q cm?)
increased by more than 5 times than that of the pure Mg substrate
(409.5 Q cm?) (see Fig. 14(b)).

Fig. 11. Digital camera photographs, SEM morphologies for the (a-d) Mg alloy AZ31, (e-h) Ca-P coating and (i-1) Ca-Py coating after the immersion for 168 h and

(m) the EDS analysis result.
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Fig. 12. (a) FT-IR spectra, (b) XRD patterns after 168 h immersion of the (1) Mg alloy AZ31, (2) Ca-P coating and (3) Ca-Py coating.
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Fig. 13. CLSM images of MC3T3-E1 after culturing for 24 and 72 h in extracts of the (a, e) negative control, (b, f) AZ31 substrate, (c, g) Ca-P and (d, h) Ca-PVC
coatings; (i) viability of MC3T3-E1 cells incubated for 24 and 72 h of negative control, AZ31 substrate, Ca-P and Ca-Py, coatings (Statistically differences at p* <

0.05 vs. control, statistically significant differences at p** < 0.01 vs. control).

To clarify the influence of amino acid groups on film formation,
Wang et al. [51] probed the formation mechanisms of phenylalanine
(Phe), methionine (Met), and asparagine (Asn) additive-induced Ca-P
coatings on AZ31 Mg alloy. The adsorption of the amino group was
mainly achieved through the coupling of the lone pair electrons of ni-
trogen atoms with the Mg surface, whereas the carboxyl group was at-
tached with Mg?* via their oxygen atoms. Additionally, the heteroatoms
in the amino acids share their lone pair electrons with the vacant molec-
ular orbitals of Mg. It can be noted that the i.,, of Ca-Pppe/vet/asn
coating is an order of magnitude lower than that of AZ31 Mg alloy.
The i, values of the samples can be arranged in the following de-
creasing order: AZ31 Mg alloy (1.73 x 107> A cm~2) > Ca-P coating
(6.54 x 107% A cm™2) > Ca-Pppe/mer/asn COating (2.71 x 1076 A cm™2).
Also, the R, values can be arranged in the following order: AZ31 Mg
alloy (578.5 Q cm?) < Ca-P coating (593.8 Q cm?) < Ca-Pppe,mer/asn
coating (7761.0 Q cm?). These results indicate that the amino acid-
induced Ca-P coating provides good corrosion protection for the
substrate.

Fan et al. [52] prepared Ca-Py ¢y, coating on the surface of AZ31 Mg
alloy using a hydrothermal method, i.e., utilizing L-Cysteine (L-Cys),
which has better biocompatibility and biodegradability in the human
physiological environment. L-Cys is covalently fixed on the surface of
Mg alloy through chelating reactions with OH~ and PO,3~, while the
-COOH group interacted with Ca®* and enhanced the coating perfor-
mance. The i.,, of Ca-Py ¢y coating (6.61 X 107 A cm~2) was two
orders of magnitude lower than that of AZ31 Mg alloy (1.65 x 10~ A
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cm~2), and the R, of Ca-Py ¢y, coating was far higher than that of AZ31
Mg alloy substrate, as shown in Fig. 14.

In the case of VC, it was rapidly air-oxidized and decomposed to
dehydroascorbic acid, which was further transformed into L-TA. The
present study confirms that the carboxyl group (-COOH) in the molec-
ular structure of L-TA interacts with Ca%*, and the ions were trapped
in the solution/substrate interface during the formation of the coating.
From the electrochemical results, it was seen that the i, of the Ca-Py
coating was about 1.36 x 10-° A/cm?2, which showed the lowest i,
as compared with the Ca-P coating (2.85 x 10~® A cm~2) and AZ31 Mg
alloy substrate (1.73 x 10~ A cm~2). Similarly, the R, of the Ca-Py
coating has been significantly improved the corrosion resistance of the
alloy.

The corrosion resistance (based on i, values) of the Ca-Py, coating
was better than that of the glucose-induced Ca-P coating and equivalent
to the corrosion resistance of the Ca-P coating induced by a variety of
amino acids. However, the results of R revealed that the Ca-Py coat-
ing had the highest value of charge transfer resistance (see Fig. 14).
Therefore, it can be confirmed that the addition of VC can provide good
corrosion-resistant. Glucose was converted into gluconic acid in solu-
tion, which contains -COOH group with strong polarity, and amino acids
contain -NH,, -COOH, and -SH groups, whereas VC and its decomposi-
tion products with functional groups containing oxygen that have the
ability to form complexes with metal ions. These studies indicate that the
functional groups in the corrosion inhibitors were essential for achieving
good corrosion resistance properties.
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4.2. Formation mechanism of the Ca-Py, coating

Fig. 15 illustrates the reaction mechanisms of the Ca-Py coating. In
the initial stage of the coating formation, dissolution of AZ31 Mg alloy
releases a large number of Mg2* which react with OH~ to form Mg(OH),
precipitates on the surface of the alloy Egs. (2) to ((4)).

In the second stage, the VC crystal is stable in air, but the solu-
tion of VC is rapidly air-oxidized and decomposes to dehydroascorbic
acid (Eq. (5)) [53]. Then it decomposes into L-Threonic acid and ox-
alic acid in the solution over pH 4 as shown in Eq. (6). Moreover, it
has been demonstrated that VC is stable at 10 °C, but the decompo-
sition of VC is promoted above 20 °C [54], and this experiment was
conducted in the solution at 60 °C. It should be noted that L-Threonic
acid is a major breakdown product of VC. In the process of coating for-
mation, the carboxyl group (-COOH) [55] in the molecular structure of

Corrosion Communications 6 (2022) 16-28

L-Threonic acid forms a complex with Ca2*, which traps Ca%* at the so-
lution/substrate interface resulting in an increase in the concentration
of Ca%* and promoting the formation of Ca-P coating at the interface
Egs. (9) and ((10)).

In addition, the attraction electrostatically among the spatial dis-
tributed Ca®+, HPO,2~, PO,3", and OH" in the vicinity of the interface
was more powerful, which adequately guaranteed the growth of Ca-P
coatings. Ultimately, a dense and suitable thickness of DCPA and HA
coatings is successfully formed (Fig. 14).

Mg - Mg> +2e~ ®))
2H,0+2¢~ - 20H +H, 1 3)
Mg?* + OH™ — Mg(OH), | )

Fig. 15. Schematic diagram of the formation mechanism of the Ca-Py coating.
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5. Conclusions

(€Y
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In this study, a highly dense Ca-Py, coating was synthesized on AZ31
Mg alloy by chemical conversion treatment. The average thickness of
the Ca-Py, coating (10.00 + 0.92 ym) was significantly higher than
that of the Ca-P coating (3.00 + 0.26 um). Meanwhile, the mean
line roughness of the Ca-Py, coating (1.12 + 0.12 ym) was signifi-
cantly lower than that of the Ca-P coating in absence of VC (3.14 +
1.93 um). Further, the Ca-Py. coating presented a better bonding
strength than the Ca-P coating. These observations suggest that VC
promoted the nucleation process of the Ca-P coating, resulting in
a significant increment in coating thickness, density, and bonding
strength.

The Ca-Py coating microstructure exhibited bamboo leaf-like crys-
tals. The electrochemical measurements indicated that Ca-Py, coat-
ing possesses a good corrosion resistance with high R, (2.47 x 10* Q
cm?), and low Teorr (1.36 X 107% A cm—2). In particular, VC is trans-
formed into L-Threonic acid and oxalic acid with ionization groups
(carboxyl), which induces the Mg surface to be negatively charged.
Thus, The adsorption of VC on the surface of the alloy was beneficial
for the accumulation of Ca?*.

In vitro immersion test results show that the Ca-Py coating facili-
tates hydroxyapatite formation and increases the corrosion protec-
tion of the alloy. The hydrogen evolution rate was also low with Ca-
Py coating confirming its increased protection against corrosion of
the alloy. The cytotoxicity test results showed enhanced cytocompat-
ibility to osteoblasts. Hence, this study suggests that Ca-Py coating
has a great potential for Mg-based biodegradable biomaterials.
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