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Abstract: Iron (Fe) is an important trace element for life and plays vital functions in maintaining
human health. In order to simultaneously endow magnesium alloy with good degradation
resistance, improved cytocompatibility, and the proper Fe amount for the body accompanied
with degradation of Mg alloy, Fe-containing ceramic coatings were fabricated on WE43 Mg alloy
by micro-arc oxidation (MAO) in a nearly neutral pH solution with added 0, 6, 12, and 18 g/L
ferric sodium ethylenediaminetetraacetate (NaFeY). The results show that compared with the bare
Mg alloy, the MAO samples with developed Fe-containing ceramic coatings significantly improve
the degradation resistance and in vitro cytocompatibility. Fe in anodic coatings is mainly present
as Fe2O3. The increased NaFeY concentration favorably contributes to the enhancement of Fe content
but is harmful to the degradation resistance of MAO coatings. Our study reveals that the developed
Fe-containing MAO coating on Mg alloy exhibits potential in clinical applications.
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1. Introduction

Due to the similar specific density and Young’s modulus to natural bone, and many Mg
ion-associated biological functions in vivo, magnesium alloy is believed to be excellent for biodegradable
metallic implants [1–3]. However, too rapid degradation in bilogical environments restricts its clinical
applications [1,2]. In fact, the degradation resistance of Mg alloy can be improved by using alloying,
surface treatment, or mechanical processing [1,2].

Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation, is an innovative surface
treatment method for Mg alloy and titanium alloy [1,4–6]. MAO treatment not only significantly
improves the degradation resistance and wear resistance of Mg alloy, but also produces multiple
biofunctional ceramic coatings [3]. The properties of MAO coatings are determined by several factors
including substrate materials [7] and electrolyte composition and concentration, as well as electrical
parameters [3]. Due to the long-term temperature stability, very good mechanical property, and low
toxicity of rare earth elements, WE43 alloys are widely used as biomedical Mg alloys [1,8]. During MAO,
the electrolyte composition and concentration significantly determine coating properties by affecting
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the coating chemical composition, phase structure, and surface characteristics (morphology, pore size,
and thickness) [1,9]. Besides substrate materials and electrolytes, electrical parameters including
frequency, duty cycle, current density, and treatment time are also closely correlated with the coating
property [10].

Besides Mg alloy, zinc and iron meet the requirements used for biodegradable orthopedic metals in
terms of toxicity, mechanical property, biocompatibility, and corrosion resistance [11]. The degradation
products of iron (Fe) mostly consist of Fe oxides and hydroxides, which are biocompatible with the
human body [12]. Fe is found in four classes of proteins and enzymes [13]. Fe-containing proteins
and enzymes exert a variety of functions including transporting, storing, and activating molecular
oxygen [14]. In addition, Fe is an essential element for normal metabolism, growth, development,
and maintenance of bones [15,16]. Recent studies show that proper dietary Fe intake may play a positive
role in the prevention of osteoporosis in the female subgroup [16], while Fe deficiency adversely affects
the cognitive development of children, increases maternal and infant mortality [17], and significantly
influences bone mineral density, content, and fragility [18].

Thermal control ceramic coatings containing Fe, Co, Ni, and W elements are black and they
are prepared on titanium alloys due to their wide applications in aerospace, satellites, and many
other fields [6]. Recently, Fe-containing MAO coatings with improved thermal and optical properties
were fabricated by using Fe2(SO4)3 on AZ31 Mg alloy [19] and K3[Fe(C2O4)3] on MB2 Mg alloy [20].
However, the preparation of an Fe-containing coating on medical Mg alloy has not so far been
reported. In this study, the highly water-soluble ferric sodium ethylenediaminetetraacetate (abbreviated
as NaFeY, Y=[(OOCCH2)2–N=CH2CH2=N(CH2COO)2], which is a popular fortificant due to its
high bioavailability that can significantly increase Fe and zinc availabilities in porridges [21], was
used as the key electrolyte component and Fe-containing biomedical ceramic coatings were firstly
fabricated by MAO on Mg alloy. The surface morphology, elemental valence state, and degradation
resistance, as well as the in vitro cytocompatibility of MAO-treated samples were measured by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), potentiodynamic polarization
measurements, and CCK-8 assay.

2. Experimental

Extruded WE43 Mg alloy was provided by Suzhou Chuan Mao Metal Materials Co., LTD
(Suzhou, China) and its composition is listed in Table 1.

Table 1. Chemical composition of WE43 Mg alloy (in wt.%).

Element Y Zr Gd Nd Cu Ni Fe Mg

Standard value 3.7–4.3 0.4–1.0 0–1.9 2.0–2.5 ≤0.02 ≤0.005 ≤0.01 Balance
Tested value 4.01 0.47 1.72 2.35 0.003 0.004 0.0003 Balance

WE43 Mg alloy was firstly separately machined down to 45× 50× 8 mm3 for surface characteristics
and 10 × 10 × 8 mm3 for electrochemical tests. Prior to MAO treatment, all machined samples were first
ground using SiC waterproof abrasive paper from 80 to 3000 grits, then cleaned successively using tap
and distilled water. A unipolar constant current mode was used in the study and the applied electrical
parameters were a current density of 60 mA/cm2, a duty cycle of 35%, a pulse frequency of 2000 Hz,
and a treating time of 3 min using a homemade MAO5D power supply (Chengdu, China). A sample
for MAO treatment and a stainless steel barrel containing the MAO solution were separately connected
with the anode and the cathode. The used ammonium bifluoride (NH4HF2), hexamethylenetetramine,
phosphoric acid (PA), and NaFeY were of analytical reagent grade. Phytic acid (IP6) with a purity of
70% was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). In a nearly neutral
base solution containing 6 g/L NH4HF2, 360 g/L hexamethylenetetramine, 35 g/L PA, and 8 g/L IP6,
samples of 0, 6, 12, and 18 g/L NaFeY were separately added and the fabricated samples were named
Fe-0 g/L, Fe-6 g/L, Fe-12 g/L, and Fe-18 g/L, respectively.



Coatings 2020, 10, 1138 3 of 10

After being sputtered with gold, the as-prepared MAO samples were measured by SIGMA
scanning electron microscopy (SEM, Zeiss Sigma, Oberkochen, Germany) with an accelerating voltage
of 20 kV and coating compositions were analyzed by energy-dispersive spectrometry (EDS) attached
to SEM. X-ray photoelectron spectroscopy (XPS, Kratos Analytical, Manchester, UK) was used to
determine elemental valence states in MAO coatings. The binding energy values of each element
were calibrated according to the adventitious C 1s signal, which was set at 284.6 eV. The degradation
resistance was evaluated using a conventional three-electrode electrochemical cell at 37 ± 0.5 ◦C in
Hank’s solution, which was composed of 8 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L NaHCO3,
1.0 g/L C6H12O6, 0.2 g/L MgSO4·7H2O, 0.1 g/L KH2PO4, and 0.06 g/L Na2HPO4·7H2O. At a scanning rate
of 1 mV/s using a Gamry Reference 600 electrochemical workstation (Gamry Instruments, Lafayette, IL,
USA), potentiodynamic polarization curves were measured from −0.25 V to the open circuit potential
(OCP) toward a noble direction until film breakdown.

The cytotoxicity of the as-prepared samples was evaluated by the Cell Counting Kit-8 (CCK-8,
Beyotime, Shanghai, China) assay. The mouse pre-osteoblast cells (MC3T3-E1) were seeded on the
samples in 96-well culture plates at a density of 5 × 103 per well and incubated for 24 h to allow cell
attachment. Then, the culture medium (α-MEM supplemented with 10% FBS) was replaced by extracts
(the preparation method according to Reference [22]) supplemented with 10% FBS. After incubating
for 1, 3, and 7 days, all samples were transferred to new wells. α-MEM supplemented with 10% CCK-8
was added into each well and cultured for another 2 h. The absorbance was measured by using a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm. The experiments were
independently performed at least in triplicates.

3. Results

The variations in the working voltage with treatment time during the MAO process in the base
solution with added 0, 6, 12, and 18 g/L NaFeY are shown in Figure 1.

Figure 1. Variations in the working voltage with treatment time in the base solution with added 0, 6,
12, and 18 g/L NaFeY.

In the four solutions containing 0, 6, 12, and 18 g/L NaFeY, the working voltage increased very
fast, separately reaching 319, 272, 255, and 248 V during the first 20 s. In the base solution without
NaFeY, the voltage went up to 398 V at 40 s and then the increasing rate slowed down. After 145 s,
the voltages began to fluctuate. When Mg samples were treated in the solutions containing 6, 12,
and 18 g/L NaFeY, the working voltages continually increased. The final voltages in solutions with 0, 6,
12, and 18 g/L NaFeY were 460, 457, 455, and 448 V, respectively (Figure 1). Compared with the base
solution without NaFeY, the increased NaFeY concentrations decreased the working voltage but the
final voltages did not exhibit evident differences.
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Figure 2 shows the surface morphologies and EDS spectra of MAO coatings developed on
WE43 alloy. The coating on Fe-0 g/L was uneven and the maximum pore size was about 6.0 µm
(Figure 2(a1)). After the addition of NaFeY, it was clear that the pore size and the distance between two
adjacent pores decreased (Figure 2(b1–d1)). EDS analysis showed that Fe-0 g/L contained 14.11 at.% C,
51.33 at.% O, 2.43 at.% F, 18.40 at.% Mg, and 13.72 at.% P (Figure 2(a2)). The fabricated Fe-6 g/L,
Fe-12 g/L, and Fe-18 g/L were composed of 0.78, 1.53, and 2.27 at.% Fe, respectively (Figure 2(b2–d2)).
This suggests that the enhanced Fe content in the coatings is closely pertinent to the increased
NaFeY concentration.

Figure 2. Surface morphologies (a1–d1) and chemical compositions (a2–d2) of micro-arc oxidation
(MAO) coatings fabricated in the base solution with different NaFeY concentrations: (a1,a2) Fe-0 g/L;
(b1,b2) Fe-6 g/L; (c1,c2) Fe-12 g/L; (d1,d2) Fe-18 g/L.

The high-resolution XPS spectra of O, P, Mg, and Fe elements in Fe-12 g/L are shown in Figure 3.
The O 1s spectrum could be divided into three peaks at the binding energy of 530.0, 531.6, and 532.2 eV,
corresponding to Fe2O3 [14], PO4

3− [23], and OH− [24], respectively. The binding energy of Mg 1s was
centered at 1304.0 and 1304.9 eV (Figure 3b), indicating that the magnesium element in MAO coatings
existed as MgO and magnesium phosphate [25], respectively. The P 2p spectrum showed two peaks
at 133.4 and 134.1 eV (Figure 3c), assigned to PO4

3− and HPO4
2− [23], respectively. Figure 2d shows

that the Fe 2p peaks with a binding energy of 2p3/2 at 711.1 eV and 2p1/2 at 724.4 eV correspond to
Fe2O3 [26].

The potentiodynamic polarization curves of the MAO-treated samples are shown in Figure 4.
The relevant electrochemical parameters derived from the potentiodynamic polarization curves are
summarized in Table 2. The achieved corrosion current densities(icorrs) of the substrate, Fe-0 g/L, Fe-6 g/L,
Fe-12 g/L, and Fe-18 g/L were 1.13 × 10−5, 6.26 × 10−7, 8.55 × 10−7, 9.66 × 10−7, and 1.24 × 10−6 A/cm2,
respectively, indicating that compared with the substrate, MAO-treated samples significantly improved
the degradation resistance. However, with the increase in the NaFeY concentration, the degradation
resistance of MAO samples became worse, showing that NaFeY was harmful to the degradation
resistance of anodic coatings.
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Figure 3. High-resolution XPS spectra of Fe-12 g/L: (a) O 1s; (b) P 2p; (c) Mg 1s; (d) Fe 2p 
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Figure 3. High-resolution XPS spectra of Fe-12 g/L: (a) O 1s; (b) P 2p; (c) Mg 1s; (d) Fe 2p.

Figure 4. Potentiodynamic polarization curves of MAO samples fabricated in solutions containing
different NaFeY concentrations.
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Table 2. The electrochemical parameters of MAO samples fabricated in solutions containing different
NaFeY concentrations.

Samples βa βc icorr Ecorr
(mV/dec) (mV/dec) (A/cm2) (V vs. SCE)

Substrate 313.21 316.26 1.13 × 10−5 −1.6045
Fe-0 g/L 89.571 383.30 6.26 × 10−7 −1.5898
Fe-6 g/L 270.08 497.36 8.55 × 10−7 −1.6260

Fe-12 g/L 220.14 376.65 9.66 × 10−7 −1.6129
Fe-18 g/L 141.88 311.71 1.24 × 10−6 −1.5839

The in vitro cytocompatibility of the MAO-treated samples was assessed by CCK-8 assay and the
results are shown in Figure 5. Compared with the substrate (Figure 5b), polygonal MC3T3-E1 cells
evidently spread on MAO-treated samples with more filose pseudopodium (Figure 5c–f), suggesting
that the MAO-treated samples exhibited better initial cell attachment than the substrate. After being
cultivated with cells in the extracts for 1, 3, and 7 days, each MAO-treated sample fabricated in
four solutions showed significantly higher cell viability than the substrate (Figure 5a). Furthermore,
no significant difference could be observed between the MAO-treated samples and the control,
suggesting that MAO-treated samples achieved good in vitro cytocompatibility.

Figure 5. Fluorescent images of MC3T3-E1 cells after culturing for 5 h on (a) control, (b) substrate,
(c) Fe-0 g/L, (d) Fe-6 g/L, (e) Fe-12 g/L, and (f) Fe-18 g/L, and (g) absorbance values of the MC3T3-E1
pre-osteoblasts cultured for 1, 3, and 7 days on control, substrate, and MAO-treated samples with
different Fe amounts. * p< 0.05 compared to substrate.

4. Discussion

4.1. Formation of Fe-Containing Ceramic Coating

In order to fabricate an Fe-containing MAO coating on Mg alloy, the selection of the Fe-containing
electrolyte is very important. NaFeY, one kind of ferric salt with both excellent solubility in water
and chelating ability, was chosen in the study as the Fe-containing electrolyte. In addition, PA and
IP6 were used as phosphorus-containing electrolytes. According to Figure 2, the fabricated Fe-0 g/L,
Fe-6 g/L, Fe-12 g/L, and Fe-18 g/L were composed of 13.72, 13.19, 13.57, and 13.57 at.% P, respectively
(Figure 2(b1–d2)), indicating that both PA and IP6 took part in the coating formation [27,28]. IP6 exhibits
a strong chelating ability with positively charged multivalent ions due to its chemical structure, namely
six phosphates being connected to one inositol ring [29].Therefore, in MAO solutions, IP6 competes
with FeY4− to combine with Fe3+ ions into phytic acid complexes.

According to Figure 3, Mg3(PO4)2 and MgHPO4 were developed in MAO coatings. During MAO,
FeY−, PO4

3−, and phytic acid complexes migrate toward the anode under the electric field and join in
the coating formation according to the following reactions [10,30]:

Mg − 2e− = Mg2+ (1)
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3Mg2+ + 2PO4
3− = Mg3(PO4)2 (2)

Mg2+ + HPO4
2− = MgHPO4 (3)

FeY−� Fe3+ + Y4− (4)

Fe3+ + 3OH− = Fe(OH)3 (5)

2Fe(OH)3 = Fe2O3 + 3H2O (6)

4.2. Degradation Resistance of Fe-Containing Ceramic Coating

According to our previous results, it is difficult to fabricate a uniform MAO coating with a high
Fe amount on Mg alloy in an alkaline solution containing NaFeY. Only in solutions containing high
concentrations of fluorides and strong alkalines such as NaOH or KOH, can an MAO coating with poor
degradation resistance and a low amount of the Fe element be successfully developed on Mg alloy.
Fluorides are helpful for coating formation on Mg alloy [30,31], but they are toxic to the environment. In
this study, besides a small amount of NH4HF2 (6 g/L), 360 g/L hexamethylenetetramine, which has been
used as the passive agent of Mg alloy [32], was selected to develop an MAO coating in neutral solutions.

After 6, 12, and 18 g/L NaFeY samples were separately added into the base solution, the icorrs of the
fabricated MAO samples continually increased, suggesting that FeY− was harmful to the degradation
resistance of MAO-treated samples. According to Figure 1, NaFeY concentrations did not significantly
influence the working voltage, suggesting that NaFeY may influence the coating degradation resistance
by surface characteristics. Our recent results show that with the increase inNa2CaY concentrations,
the corrosion resistance of MAO samples becomes worse, attributed to the continually decreased
coating thickness [28]. As an organic additive agent with a strong chelating ability, EDTA can improve
the uniformity of MAO coatings but decrease the coating thickness [33]. Combined with the previous
reports [28,33] and our present results, it can be concluded that Y4- decreases the degradation resistance
of MAO-treated Mg alloy. However, the mechanism is not clear and future work will be conducted to
clarify it.

4.3. In Vitro Cytocompatibility of Fe-Containing Ceramic Coating

The cytocompatibility of an anodic coating is determined by several factors, for example,
degradation resistance and chemical composition. Fluorine (F) is an essential trace element and the
proper amount is beneficial to human health. However, when the F amount in an anodic coating is too
high (≥19.00 at.%), the fabricated sample exhibits high toxicity [28]. In this study, 6 g/L NH4HF2 was
added as one kind of passive agent, and the F contents in anodic coatings were lower than 3.02 at.% and
revealed good cytocompatibility. In addition to the F element, the cytocompatibility of anodic coatings
is closely related to Fe presence. The results show that proper Fe ions are beneficial for cell growth [14].
However, in the study, with the increase in Fe contents in MAO coatings, the cytocompatibility did
not significantly improve (Figure 5), which may be attributed to the synergistic effect of the coating
composition and degradation resistance. The results show that the degradation resistance is positively
related to the coating biocompatibility [11]. Once the NaFeY concentration is increased from 6 to
12 and 18 g/L, Fe amounts in anodic coatings continually increase, enhancing the cytocompatibility.
However, the increased NaFeY concentration diminished the coating degradation resistance, which
resulted in a slight decrease in cytocompatibility. Consequently, Fe-6 g/L with a lower Fe content but
higher degradation resistance resulted in better cytocompatibility, whereas Fe-12 g/L or Fe-18 g/L with
a higher Fe content exhibited a slightly lower cytocompatibility.

5. Conclusions

As an essential trace element for life, Fe plays vital functions to maintain human health. It is
meaningful to prepare Fe-containing coatings on Mg alloy with improved degradation resistance
and in vitro cytocompatibility. In a nearly neutral base solution with 6 g/L NH4HF2, 360 g/L
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hexamethylenetetramine, 35 g/L PA, and 8 g/L IP6, Fe-containing coatings were successfully fabricated
on WE43 Mg alloy by MAO treatment. The effects of NaFeY concentrations on the MAO process, surface
morphology, chemical composition, elemental valence state, degradation, and in vitro cytocompatibility
were investigated. Some conclusions are drawn as follows:

(1) In the base solution with 0, 6, 12, and 18 g/L NaFeY, the final voltages were 460, 457, 455, and 448 V,
respectively. The developed MAO coatings in solutions with 6, 12, and 18 g/L NaFeY contained
0.78, 1.53, and 2.27 at.% Fe, respectively. Fe is mainly present as Fe2O3 in MAO coatings.

(2) Compared with the bare sample, the developed Fe-containing MAO coatings significantly improve
the degradation resistance and in vitro cytocompatibility. The increased NaFeY concentration
is favorable to the enhancement of the Fe content but harmful to the degradation resistance of
MAO coatings.

(3) The cytocompatibility of MAO-treated samples is synergistically determined by the degradation
resistance and chemical compositions. MAO-treated samples with low Fe amounts (Fe-6 g/L)
achieved better cytocompatibility than those with higher Fe amounts (Fe-12 g/L or Fe-18 g/L).
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